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Abstract 


Increased  Air  Force  capabilities  in  reconnaissance,  communication  and 
several  other  areas  depend  on  the  development  of  new  laser  technology. 
Chemical  laser  systems  possess  certain  properties  such  as  wavelength,  power 
and  efficiency,  which  make  them  highly  attractive  for  many  applications.  To 
assure  development  of  different  and  improved  chemical  laser  systems,  an  un- 
derstanding of  the  basic  properties  and  characteristics  of  potentially  use- 
ful molecules  and  reactions  is  critical.  This  research  involved  the  study 
of  diatomic  systems  in  various  experiments  involving  observation  of  photo— 
and  chemiluminescence,  and  by  reanalysis  of  literature  spectroscopic  data. 
Continuous  wave  (cw)  tunable  dye  lasers  were  used  to  excite  photoluminescence 
from  several  diatomic  metal  oxides  and  halides.  Experiments  included  excita- 
tion, fluorescence  and  various  forms  of  double  resonance  spectroscopy.^^___. 
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1)  Spectroscopic  Studies  of  the  Barium  Plus  Oxidant  Reaction 

There  has  been  considerable  interest  in  efficient  chemiluminescent  reactions 
between  metal  atoms  and  suitable  oxidants  as  candidates  for  chemically  pumped 
laser  systems.  This  prompted  a detailed  study  of  the  nature  and  mechanism  of 
the  reaction  of  Barium  with  N20,  02  and  N02.  In  particular,  it  has  been  observed 
that  in  the  reaction  of  Ba  + N2O  -+  BaO,  fully  20%  of  all  the  Ba  atoms  reacting 
yield  photons  originating  from  the  A1!  excited  state  of  BaO.  In  addition,  one 
third  of  those  photons  arise  from  v'=l  of  the  A^E  state.  It  was  therefore  of 
interest  to  investigate  the  possibility  of  there  being  a population  inversion 
between  A^EEv^l)  and  vibrational  levels  of  the  X1!  ground  state  of  BaO  under 
the  conditions  existing  in  the  Ba  + N20  flame. 

Experiments  were  carried  out  in  which  single  vibrational  levels  v' , of  the 
A1!  state  were  pumped  from  adjacent  ground  state  vibrational  levels  using  a 
tunable  cw  dye  laser.  By  monitoring  the  photoluminescence  intensity  originating 
from  a pumped  excited  state  level,  v',  to  a third  ground  state  level  it  was 
possible  to  measure  the  relative  populations  of  the  two  adjacent  ground  state 
vibrational  levels.  Repeated  application  of  this  technique  yielded  the  relative 
vibrational  population  distribution  of  the  ground  state  manifold  as  a function 
of  various  flame  conditions.  Using  previously  available  data  and  our  results 
suggest  that  a population  inversion  may  exist  between  A^Efv^l)  and  X^Etv’^?). 

Our  experiments  and  results  are  reported  in  detail  in  references  1 and  2. 

A second  area  of  interest  was  the  details  of  the  mechanism  of  the  Ba  + N2O 
reaction  which  leads  to  the  observed  high  A->X  chemiluminescence  efficiency 
and  why  such  a large  proportion  of  the  emitting  molecules  are  in  the  A1E(v,=l) 
state.  Specifically  it  had  been  proposed  that  metastable  BaO(a3H)  which  cannot 
emit  to  the  ground  state  serves  as  a reservoir  state  for  the  reaction.  Molecules 
trapped  in  this  state  relax  vibrationally  to  the  first  few  vibrational  levels 
of  the  a3JI  metastable  state  and  are  then  transferred  collisionally  to  the  A*E 
state  from  which  they  emit.  This  leads  to  the  high  chemiluminescence  efficiency. 
It  had  been  further  proposed  that  the  BaO(a3n)  was  initially  formed  via  the 
reaction  of  Ba(3D)  excited  state  atoms  (AE  - 1 e.v.)  present  in  the  flame  by 
the  reaction 


Ba(3D)  + N20  BaO(a3II)  + N2. 


In  order  to  test  this  hypothesis  we  carried  out  a series  of  experiments  in  which 


total  A*E  - 


X*E 


chemiluminescent  yield  as  a function  of  Ba(dD)  concentration  was 


monitored.  As  reported  in  reference  3,  it  was  found  that  an  increase  of  Ba(3D) 
concentration  by  a factor  of  ten  to  a hundred  had  no  significant  effect  on 
chemiluminescent  yield.  Thus  we  conclude  that  Ba(3D)  is  not  the  key  reactant 
leading  to  the  observed  high  chemiluminescence  efficiency. 
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2)  The  a3II  State  of  MgO 


We  recently  completed  our  laser  induced  fluorescence  study  of  MgO.  MgO 
is  produced  by  the  reaction  Mg  + O2  in  an  apparatus  similar  to  that  used  for 
the  study  of  BaO.  Three  lines  of  the  Ar+  laser  have  the  following  chance 


coincidences  with  transitions  in  the  MgO  B*E  - 

XJE  system 

476.5  nm 

R(26) 

5-4 

band 

24MgO 

R(49) 

4-3 

band 

24MgO 

R(70) 

3-2 

band 

24MgO 

496.5  nm 

R(36) 
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band 

26MgO 

514.5  nm 
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band 

24MgO 

R(25) 

3-4 

band 

26MgO 

R(50) 

2-3 

band 

25MgO 

R(70) 

1-2 

band 

24MgO 

Photoluminescence  spectra  from  B*E  to  both  the  X1!  ground  state  and  the  A1!! 
excited  state  (Te  = 3563  cm-1)  and  calculated  Franck -Condon  factors  confirm 
these  assignments.  In  addition  to  the  B-X  and  A-X  systems,  transitions  were 
observed  and  assigned  to  the  previously  unobserved  a^n  state  which  is  iso 
configurational  with  the  A1  II  state.  In  the  case  of  the  476.5  nm  excitation, 
the  5 GHz  linewidth  of  the  Ar+  laser  produces  simultaneous  excitation  of  all 
three  levels  listed  above.  However,  when  the  laser  is  operated  single  mode 
by  insertion  of  am  intracavity  Fabry  Perot  etalon  the  spectrum  is  greatly 
simplified  by  reducing  the  number  of  coincidences.  The  laser  cam  be  scamned  over 
its  gain  profile  in  150  MHz  steps  thus  exciting  each  of  the  coincidences 
sequentially  with  little  overlap,  and  the  resulting  fluorescence  spectrum  is 
particularly  simple.  As  was  expected  a B^E  -*■  X*E  P-R  doublet  is  seen,  but  in 
addition  tramsitions  to  a 3IIo  and  a 3Hi  are  also  observed.  These  normally 
unallowed  B*E  - a3II  "extra"  lines  are  made  possible  by  specific  perturbations 
between  levels  of  the  X*£  and  a3II  manifolds.  Additional  fluorescence  spectra 
were  obtained  as  a function  of  etalon  setting.  By  comparing  relative  intensi- 
ties of  each  line  and  noting  those  sets  which  remain  constant  relative  to  each 
other  as  the  etalon  is  tuned,  transitions  originating  in  the  v=4  and  5 of  B*E 
MgO  cam  also  be  uniquely  assigned. 

The  perturbations  are  a senstive  probe  of  the  positions  of  the  energy  levels 
of  a3II  relative  to  those  of  X*E.  For  example,  the  perturbation  allowed  extra 
lines  of  the  J'=69  (3,3)  transition  to  appear  on  either  side  of  the  main 
B1E  - X1E  lines  thus  indicating  that  the  II g and  II j levels  bracket  the 


r 


corresponding  E level.  Conversely,  however,  for  the  J'=25  (5,5)  lines  the 
extra  lines  both  appear  to  the  red  of  the  main  line. 

Analysis  of  these  perturbations  using  some  sixty  lines  has  resulted  in 
an  accurate  determination  of  the  molecular  constants  of  the  a3II  state. 

This  work  is  described  in  detail  in  reference  4. 


3)  Excitation,  Microwave  Laser  Double  Resonance  and  Laser-Laser  Double 

Resonance  Spectroscopy  of  CaCl,  CaF  and  SrF 

We  have  carried  out  an  extensive  program  on  the  spectroscopy  of  the  alkali 
metal  halides.  Despite  the  simplicity  of  these  molecules,  little  prior  work 
has  been  done  due  to  the  complexity  of  their  spectra.  The  first  electronic 
excited  state  of  these  molecules  corresponds  to  the  excitation  of  an  ns 
electron  to  an  empty  np  orbital  on  the  metal  resulting  in  two  nearby  molecular 
electronic  states:  A2II  and  B2E.  Since  the  excitation  involves  a non-bonding 
electron,  most  of  the  molecular  parameters  in  the  A2H  and  B2E  states  are  only 
slightly  changed  relative  to  the  X2E  ground  state.  Consequently,  the  A-X  and 
B-X  spectra  occur  mainly  as  AV=0  transitions  yielding  extremely  dense  and  over- 
lapped spectra.  Despite  this  complexity  which  prevented  their  study  and 
analysis  using  conventional  spectroscopic  techniques,  it  has  been  possible  to 
use  tunable  lasers  to  completely  characterize  several  electronic  states  of 
several  alkaline  earth  monohalides.  Included  are  (1)  a study  of  the  B2E  - X2E 
system  of  CaCl  (reference  5)  using  tunable  laser  excitation  spectroscopy; 

(2)  an  accurate  determination  of  the  ground  state  constants  of  CaCl  using 
laser-microwave  optical  double  resonance  (reference  6)  and  (3)  a rotational 
analysis  of  the  E2E  - B2E  system  of  CaCl  using  optical-optical  double  reso- 
nance (reference  7) . Similar  studies  on  SrF  (references  8 and  9)  and  on  CaF 
(references  10  and  11)  have  also  been  carried  out. 
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The  vibrational  population  distribution  of  X ‘ E(u"  = 0 through  u"  = 7)  BaO  formed  in  the  reaction  Ba  + Oi  at  0.3  torr 
has  been  measured  by  laser  induced  photoluminescence  intensities.  On  the  basis  of  the  assumed  similarity  between  the 
Ba  + Oi  and  Ba  + NjO  reactions,  these  data  suggest  that  a population  inversion  may  exist  between  A * E(u  = 1)  and 
X 1 L(v~  = 7)  BaO  formed  in  the  latter  reaction  at  ■»  16  torr. 


Recent  interest  in  efficient  chemiluminescent  reac- 
tions between  metal  atoms  and  suitable  oxidants,  as 
candidates  for  chemically  pumped  laser  systems,  has 
prompted  detailed  studies  of  the  distribution  of  pro- 
duct molecules  1 1—3].  Analysis  of  the  band  intensity 
of  chemiluminescence  has  been  used  to  determine  the 
vibrational  population  distribution  of  electronically 
excited  products  of  a chemical  reaction  [4].  In  con- 
trast, we  have  used  an  analysis  of  the  relative  intensity 
of  laser  induced  photoluminescence  to  characterize 
the  ground  state  vibrational  distribution  of  product 
molecules.  Reported  here  is  the  vibrational  distribu- 
tion of  ground  state  BaO  formed  by  the  reaction  Ba 
+ 02  at  0.3  torr  total  pressure.  The  implications  these 
results  may  have  for  the  Ba  + N20  reaction  are  sug- 
gested. 

Barium  oxide  molecules  were  produced  by  reac- 
ting gas  phase  barium  atoms,  entrained  in  a 0.3  torr 
argon  gas  flow,  with  an  excess  of  02.  The  details  of 
the  oven  design  have  been  described  previously  [5] . 
The  output  of  a rhodamine  6G  tunable  cw  dye  laser 
was  directed  vertically  through  the  flame.  As  illus- 
trated schematically  in  fig.  1,  when  the  laser  is  tuned 
it  is  possible  to  sequentially  excite  a single  vibrational 
level,  u',  of  the  A 1 £+  state  from  two  adjacent  levels, 

* This  research  was  supported  In  part  by  AFOSR  Grant  No. 

AFOSR-73-2565,  and  NSF  Grant  No.  MPS-72-04978. 


t>l  and  u2,  of  the  X 1 E+  ground  state.  Photolumines- 
cence originating  from  this  excited  upper  state  level 
to  a third  ground  state  level,  vl,  is  monitored  using  a 
monochromator  (3  nm  resolution)  and  a photomulti- 
plier tube.  The  particular  vl  was  chosen  so  that  the 
laser  induced  photoluminescence  was  outside  the  dye 
laser  tuning  range  (565-620  nm)  to  eliminate  inter- 
ference from  scattered  laser  light.  Contributions  to  the 
band  intensity  fror.  background  chemiluminescence 
were  eliminated  by  chopping  the  dye  laser  at  25  Hz 


Fig.  1.  Schematic  energy  level  diagram  for  BaO,  showing 
typical  dye  laser  pumped  transitions  and  an  observed  photo- 
luminescence band. 


454 


Volume  39,  number  3 


CHEMICAL  PHYSICS  LETTERS 


1 May  1976 


) 


and  phase  sensitive  detection  of  the  laser  induced 
luminescence. 

Because  a single  photoluminescence  band  was  moni- 
tored while  sequentially  pumping  out  of  two  adjacent 
X 1 Z(uJ)  levels,  the  ratio  of  these  two  A 1 2(i/)  ■+ 

X ^(u*)  emission  intensities  is  proportional  only  to 
the  ground  state  population,  Nvv ; the  Franck— Condon 
factor  for  the  o'  *-  u"  transition,  qu'u': ; and  the  laser 
power  density,  puv , at  the  wavelength  of  the  o'  *-  vj 
absorption*.  The  ratio  of  the  populations  in  the  ground 
state  levels  v\  and  Oj  is  given  by: 

where  /„?  is  the  integrated  intensity  of  the  o'  -»  o« 
photoluminescence  resulting  from  the  oj'  -*•  v excita- 
tion. The  advantage  of  detecting  the  same  fluores- 
cence band  is  that  it  is  then  unnecessary  to  correct  the 
observed  intensities  for  the  Franck-Condon  factors 
for  emission  or  for  the  wavelength  dependence  of  the 
monochromator  optics  and  phototube.  Care  must  be 
taken,  however,  to  ensure  that  the  laser  does  not  sat- 
urate the  absorption. 

Repeated  application  of  this  technique  provides  a 
method  for  measuring  successive  population  ratios, 

1 • Nu"+  llNu”+  2 > etc->  trough  the  ground 
state  vibrational  manifold.  Results  for  the  Ba  + 02  re- 
action at  0.3  torr  for  v"  = 0 through  v"  = 7 are  given 
in  table  1 . This  technique  enabled  intensity  measure- 
ments to  be  made  of  relative  populations  which  span 
five  orders  of  magnitude.  Each  pair  of  relative  emis- 
sion intensities  was  measured  several  times  to  obtain 
an  estimate  of  the  uncertainty  in  the  population  ratio; 
each  ratio  is  estimated  to  be  accurate  within  10%  (lo). 
Several  ratios  were  measured  many  more  times  to  en- 
sure statistical  reproducibility  on  different  days.  Meas- 
urements beyond  v"  = 7 were  precluded  because  of 
vanishing  signal  from  levels  uj'  > 8. 

Fig.  2 shows  a plot  of  log  Nu-  versus  for  the 
data  in  table  1 ; the  crossed  molecular  beam  results  pf 
Schultz  et  al.  [6]  for  the  same  reaction  are  also  plotted. 
For  comparison,  lines  corresponding  to  Boltzmann  dis- 
tributions with  vibrational  temperatures  of  500  K and 

* The  intensity  of  observed  emission  depends  on  the  popula- 
tion of  the  excited  state.  In  turn,  this  excited  state  popula- 
tion is  proportional  to  the  rate  of  absorption.  This  absorp- 
tion transition  rate  does  not,  however,  depend  explicitly  on 
the  frequency  v^,. 


Table  1 

Measured  intensity  ratios  and  relative  populations  of  the  u"  = 0 
through  v"  = 7 vibrational  states  of  BaO  X 1 £ formed  in  the  re- 
action Ba+  Oj  atP=  0.3  ton. Successive  tatios  are  normalized 
to  TVo  = 1 and  are  accurate  to  ± 10% 


v"  Measured  Relative 

intensity  ratio  population 

V/V+l  K" 


0 

1 

2 

3 

4 

5 

6 
7 


1.40 

8.46 

1.52 

0.57 

1.18 

1.60 

1.34 


(1.000) 

0.123 

0.0187 

0.0043 

0.00097 

0.00028 

0.000064 

0.000029 


2500  K are  shown  in  the  Figure.  Preliminary  results  of 
experiments  currently  in  progress  indicate  the  vibra- 
tional population  distribution  approaches  slightly 
lower  Boltzmann  temperatures  for  the  Ba  + Oj  reac- 
tion at  pressures  greater  than  0.3  torr. 

Preliminary  experiments  on  the  Ba  + N20  -*  BaO 
+ N2  reaction  using  this  same  technique  suggest  a 
relative  steady  state  vibrational  population  distribu- 
tion in  the  ground  electronic  state  of  BaO  similar  to 
that  measured  for  the  barium  plus  oxygen  system.  On 
the  basis  of  this  assumed  similarity,  the  Ba  + 02  results 
can  be  used  to  obtain  an  estimate  of  the  possibility  of 
a population  inversion  existing  between  A1  Z(o’  - 1) 


V-*  O 1 2 3 4 9 6 7 


Fig.  2.  BaO  x'e  vibrational  population  distribution  for  the 
reaction  Ba  + Oj.  ♦ 0.3  torr  data  (table  1).  A low  pressure 
molecular  beam  data  (ref.  (6)).  Dashed  lines  show  Boltzmann 
distributions  with  vibrational  temperatures  of  2500  K and 
500  K. 
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and  X 1 1(u"  = 7)  in  BaO  formed  from  the  reaction  of 
Ba  + N20.  A(v  = 1)  and  X(v"  = 7)  are  of  interest  be- 
cause (a)  it  has  been  reported  [4]  that  for  the 
Ba  + N20  reaction  =7%  of  all  the  barium  atoms  intro- 
duced into  the  reaction  zone  lead  to  photons  originat- 
ing from  A 1 2(t/  = 1),  and  (b)  the  Franck-Condon 
factor  for  the  A 1 2(t/  = 1)  -*  X 1 2(u"  = 7)  is  the  most 
favorable  of  high  lying  v".  Under  the  experimental 
conditions  used  in  this  study,  all  the  barium  atoms 
are  consumed  by  the  chemical  reaction.  If  it  is  assumed 
that  all  the  barium  reacts  to  give  BaO,  then  the  known 
Ba  flow  rate  and  the  flame  geometry  give  a total  BaO 
concentration  of  3 X 1013  molecules/cm3.  If  it  is 
further  assumed  that  all  of  the  BaO  molecules  are  par- 
titioned into  the  observed  levels  X(u"  = 0)  — X(u"  = 7) 
according  to  the  ratios  in  table  1,  then  the  popula- 
tion in  v"  = 7 is  =7  X 108  molecules/cm3.  This  esti- 
mate is  an  upper  limit  since  it  is  based  on  the  assump- 
tion that  the  steady  state  density  of  product  mole- 
cules in  any  state  other  than  the  first  eight  vibrational 
levels  of  X 1 2 is  zero. 

In  the  Ba  + N20  flame,  Jones  and  Broida  report 
[4]  that  the  population  density  of  A 1 2(i/  = 1)  peaks 
at  «1  X 109  molecules/cm3  at  approximately  16  torr. 
This  A(o'  = 1)  population  density  along  with  the  Ba 
+ 0-  comparison  described  above  strongly  suggest 
that  a population  inversion  between  A 1 2(i/  = 1)  and 
X 1 2(u"  = 7)  exists  in  the  Ba  + N20  flame  under  the 
conditions  reported  by  Jones  and  Broida  [4] . The 
reasons  are  as  follows.  First,  the  increased  exothermic- 
ity  of  the  Ba  + N20  reaction  will  produce  more  ex- 
cited state  BaO  molecules,  leaving  fewer  molecules  to 
be  partitioned  within  the  ground  state.  If  there  is  sub- 
stantial population  density  in  an  unobserved  “reservoir 
state”,  this  effect  could  be  significant  [7,8],  Second, 
for  the  Ba  + 02  reaction,  the  relative  population  of 
X *2(0"  = 7)  measured  at  higher  total  pressures  (16 
torr  compared  to  0.3  torr)  should  be  reduced  due  to 
collisional  relaxation  of  vibrationally  excited  mole- 
cules within  the  ground  state  manifold.  (Fig.  2 indicates 


that  substantial  vibrational  relaxation  has  occurred  at 
0.3  torr.)  Our  preliminary  data  suggest  that  vibrational 
relaxation  of  product  BaO(X)  is  similar  for  the  Ba  + 02 
and  Ba  + N20  reactions.  If  these  assumptions  are  cor- 
rect, the  population  density  of  BaO  X 1 2(u*  = 7)  will 
be  less  than  108  molecules/cm3  at  16  torr.  Since  the 
population  density  of  BaO  A 1 2(i/  = ) is  3 X 1 09 
molecules/cm3  at  16  torr  for  the  Ba  + N20  reaction 
[4] , a significant  population  difference  may  exist  be- 
tween these  two  levels,  and  laser  operation  may  be 
possible  on  the  A 1 2(t/  = 1)  -»  X 1 2(u"  = 7)  transition 
at  approximately  791  nm. 

Detailed  pressure  dependence  studies  of  the  BaO 
X 1 2(o")  population  distribution  for  the  Ba  + 02  and 
Ba  + N20  reactions  are  underway  in  this  laboratory. 

We  gratefully  acknowledge  the  support  of  NSF  and 
AFOSR  and  would  like  to  thank  R.W.  Field,  G.A. 
Capelle  and  C.R.  Jones  for  their  helpful  suggestions  at 
the  outset  of  this  work. 
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Vibrational  population  distributions  of  ground  state  barium 
oxide  formed  in  the  Ba+Oz  and  Ba+N20  reactions* 

Michael  A.  Revelli/  Brian  G.  Wicked  and  David  O.  Harris 

Department  of  Chemistry  and  Quantum  Institute.  University  of  California.  Santa  Barbara.  California  93106 
(Received  25  August  1976) 

The  relative  ground  state  vibrational  population  distributions  of  BaO  formed  in  the  chemical  reactions 
Ba  r O,  and  Ba+N.O  have  been  measured  as  a function  of  total  pressure  between  0.3  and  10  torr  using  the 
technique  of  dye  laser  induced  photoluminescence.  Interpretation  of  these  results  together  with  previously 
reported  excited  state  vibrational  distribution  measurements  by  Jones  and  Broida  for  the  Ba  + N,0  reaction 
suggest  that  a population  inversion  does  exist  between  A '2+(v'  = 1)  and  X ‘2+(  v"  = 7)BaO  at  s 16  torr. 


INTRODUCTION 

Previous  experiments1,8  have  measured  the  relative 
vibrational  population  distribution  of  ground  state  BaO 
formed  by  the  reaction  of  Ba  + 02  under  nearly  single 
collision  conditions.  Recently,  we  reported5  a relative 
vibrational  population  distribution  for  ground  state  BaO 
produced  in  the  same  reaction  at  0. 3 torr  total  pressure. 
In  this  paper,  we  have  extended  these  measurements  to 
include  both  O 2 and  NjO  as  oxidants  at  total  pressures 
between  0. 3 and  10  torr. 

Our  interest  in  the  Ba+NzO  reaction  stems  from  the 
high  chemiluminescent  efficiency  first  reported  by 
Jones  and  Broida4  and  from  the  dependence  of  the  chemi- 
luminescent efficiency  on  total  pressure. 5-7  At  low 
pressure  (3X10"5  torr),  the  photon  yield  for  the  Ba  + N^O 
reaction  measured  by  Palmer  et  al.  was  0. 4%. 5 In  con- 
trast, at  total  pressures  near  10  torr,  Jones  and  Broi- 
da7 found  that  approximately  20%  of  all  Ba  atoms  con- 
sumed in  the  chemical  reaction  produce  emission  in  the 
A-X  system.  Using  chemiluminescent  band  intensities 
they  showed  that  about  1/3  of  the  A-X  photons  originate 
from  the  =1)  level.  Their  absolute  intensity 

measurements  implied  a peak  steady  state  concentra- 
tion of  BaO  A'E'iv'  = 1)  of  1x10*  molecules/cm8.  Given 
this  large  population  density  in  one  vibrational  level  of 
an  excited  electronic  state,  Jones  and  Broida  suggested 
that  the  Ba  + N20  reaction  at  a total  pressure  near  10 
torr  might  be  a viable  candidate  for  a chemical  laser 
system.  In  examining  further  this  possible  population 
inversion,  we  have  measured  the  BaO  vibrational 
population  distribution  as  a function  of  total  pressure 
under  conditions  essentially  identical  to  those  of  Jones 
and  Broida. 

EXPERIMENTAL 

Details  of  the  apparatus  used  to  produce  metal -vapor 
oxidant  flames  have  been  described  previously*  so  only 
a brief  description  will  be  given  here.  Barium  vapor 
from  barium  metal  in  an  alumina  crucible  heated  to 
-1100  °K  was  entrained  in  argon  and  allowed  to  react 
with  either  02  or  N^O  in  a separate  chamber  to  produce 
a flame  of  2 or  3 cm3.  Flow  rates  indicate  an  oxidant 
rich  reaction  with  argon  the  most  abundant  species  by 
approximately  a factor  of  1000.  Pressures  of  0. 3 to 
10  torr  in  the  reaction  zone  were  established  by  vary- 
ing the  pumping  speed.  Minor  adjustments  of  the  oxi- 
dant flow  preserved  the  flame  geometry. 


Relative  vibrational  populations  in  the  ground  state 
were  measured  using  the  technique  of  laser  induced 
photoluminescence  described  previously.5  The  output 
of  a Rhodamine  6G  cw  dye  laser  was  directed  vertically 
through  the  flame;  photoluminescence  was  monitored 
with  aim  monochromator.  The  laser  was  100%  ampli- 
tude modulated  at  25  Hz  to  eliminate  contributions  to  the 
signal  from  chemiluminescence.  The  laser  was  tuned 
to  excite  a single  vibrational  level  v‘  of  the  -4‘e*  state 
from  two  adjacent  levels  v " and  t»2'  of  the  ground 
state.  Vibrationally  resolved  (1  nm  resolution)  photo- 
luminescence from  A lS*(t>')  to  a third  ground  state 
level  v'tf  was  monitored.  The  particular  v"  was  chosen 
so  that  the  resultant  photoluminescence  was  outside  the 
dye  laser  region  to  eliminate  interference  from  scat- 
tered laser  light.  Frequent  experimental  checks  were 
made  to  ensure  that  the  free  running  dye  laser  intensity 
was  sufficiently  low  so  that  the  laser  induced  fluores- 
cence intensity  was  linear  with  laser  power. 

Because  a single  emission  band  was  monitored  while 
sequentially  pumping  from  two  adjacent  lev- 

els, the  ratio  at  the  two  jrlE*(i/f')-j4IE*(t>')- XlT3'(vV ) 
photoluminescence  intensities  in  the  linear  absorption 
region  is  given  by 

(1) 

It  should  be  noted  that  the  rate  of  absorption  from  v” 
is  given  in  molecules/sec  and  not  in  energy/sec;  as  a 
result,  the  factor  hv  appearing  in  many  energy  absorp- 
tion rate  expressions*  is  inappropriate  here.  In  this 
linear  absorption  limit  the  rate  of  absorption  from  a 
lower  level  is  given  in  terms  of  the  Einstein  B coef- 
ficient for  absorption  and  the  laser  power  density  p by 

Rate(„{...v.)  - (2) 

Although  the  absolute  intensity  of  a particular  photo- 
luminescence band  does  depend  on  other  molecular  and 
experimental  parameters  (e.g. , the  Einstein  A coef- 
ficient for  the  v'  - u*  transition,  detector  efficiency, 
etc.),  the  ratio,  given  in  Eq.  (1),  is  independent  of 
these  other  factors.  Hence,  the  measurement  here  of 
successive  intensity  ratios  obviates  the  necessity  of 
calibrating  the  detector  system.  Substituting  Eq.  (2) 
into  Eq.  (1)  gives  an  expression  for  the  ratio  of  the 
populations  of  the  two  adjacent  ground  state  levels  as 


A Itv\'-<r~vi‘i  Rate  of  absorption  from  v[' 
/2  f oi'>  "Rate  of  absorption  from  v't ' 
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N,..  _(Vp„....)  M(«r')lMI  X(v’t'))* 

(A(u')IMI  X(v['))z  ’ (3) 

where  the  ratio  of  Einstein  B coefficients  has  been  re- 
placed by  the  ratio  of  the  square  of  the  electronic  tran- 
sition moment  matrix  elements. 

Previous  population  distribution  analyses  on  BaO  have 
assumed  the  square  of  the  electronic  transition  mo- 
ment either  was  constant  in  the  BaO  A1Z*-.X'1E*  elec- 
tronic system  or  was  expressible  as  a constant  elec- 
tronic factor  times  the  Franck-Condon  factor  for  the 
vibronic  transition.  Indeed,  in  the  absence  of  detailed 
information  on  the  behavior  of  the  electronic  transition 
moment  on  internuclear  distance  r,  the  latter  Franck- 
Condon  approximation  represents  the  only  real  alterna- 
tive. For  the  BaO  A-  X system,  however,  Best  and 
Hoffman10  have  carried  out  a detailed  analysis  of  BaO 
emission  intensities  as  a function  of  vibronic  band,  and 
have  obtained  experimentally  the  variation  of  the  elec- 
tronic transition  moment  ( M(R ))  with  internuclear  dis- 
tance. We  have  used  their  electronic  transition  mo- 
ment function  and  the  RKR -derived  potential  functions 
for  the  X*E*  and  the  >1*2*  states  of  BaO  to  calculate  the 
necessary  transition  moment  ratios  given  in  Eq.  (3).  It 
is  interesting  to  note  the  magnitude  of  the  contributions 
to  the  required  ratios  in  Eq.  (3).  The  Franck-Condon 
factors  are  extremely  important,  easily  leading  to  an 
order  of  magnitude  change  in  the  ratio  in  Eq.  (3).  The 
additional  correction  to  our  results  not  adequately  ac- 
counted for  by  the  Franck-Condon  factors  leads  only  to 
a further  5 % variation  in  this  ratio.  This  contribution 
is  surprisingly  small11  because  the  electronic  transi- 
tion moment  determined  by  Best  and  Hoffman  is  vir-  ■ 
tually  constant  over  the  range  of  r centroids  sampled 
by  the  laser  excitation  transitions  we  have  used  in  this 
work. 

Normalized  band  intensities  (I/p)  were  recorded  in 
our  experiments  using  a ratio  amplifier.  The  signal 
voltage  Z,  was  supplied  from  a 1P28  PMT  at  the  exit 
slit  of  the  monochromator  tuned  to  the  AlZ*(v')~ 
XlZ*(vp)  band.  The  laser  intensity  p was  monitored 
using  another  photomultiplier  which  sampled  a small 
fraction  of  the  unmodulated  dye  laser  output  directly, 
giving  a voltage  signal  Z,.  The  ratio  amplifier  provided 
the  algebraic  ratio  Zt! Zp,  which  was  later  corrected 


BaO  a'i(v'=U—  x'Z(v*=2) 
Photoluminescence  of  629.3  nm 


FIG.  1.  BaO  A ,Z*iw' =1) —x'2*(u’’ =2)  photoluminescence  re- 
corded at  629.3  nm  as  a function  of  dye  laser  excitation  wave- 
length. The  band  on  the  left  arises  from  pumping  the  A-X 
(1-0)  band;  that  on  the  right  from  the  A-X  (1-1)  band.  The 
BaO  was  produced  in  a Ba*-  02  flame  at  0. 3 torr. 


TABLE  I.  Relative  populations  of  the  vibrational  levels  in 
X'z  BaO  formed  by  the  reaction  of  Ba  with  oxidant  at  pres- 
sures of  0.  3 to  10  torr.  Successive  ratios  are  normalized  to 
Nt  = 1.0  and  are  accurate  to  «?09&. 


0.3  torr* 

1 torr 

3 torr 

5 torr 

Ba*0? 

*0 

(1.0000) 

(1.0000) 

(1.0000) 

(1.0000) 

0. 123 

0.108 

0.114 

0.136 

0.0184 

0.0132 

A'l 

0. 0043 

0.0018 

*4 

0.00098 

*'S 

0.00029 

0.000065 

A'l 

0. 000030 

0. 3 torr 

1 torr 

3 torr 

5 torr 

10  torr 

Ba  ♦ N20 

A'a 

(1.  0000) 

(1.0000) 

(1.0000) 

(1.0000) 

(1.0000) 

A'i 

0.162 

0.153 

0.117 

0.111 

0.096 

A’j 

0. 0322 

0.0209 

0.0108 

0.0050 

*4 

0.0034 

0.0015 

‘Because  the  variation  in  the  electronic  transition  moment  has 
been  included  these  numbers  differ  slightly  from  those  pre- 
viously published  in  Ref.  3. 


for  the  wavelength  sensitivity  related  to  Z„. 

Figure  1 shows  a typical  excitation  spectrum;  here 
the  monochromator  was  set  to  detect  rotationally  un- 
resolved photoluminescence  in  the  AlT.*(v'  = 1)- 
XlZ*(v"  =2)  band  at  629.3  nm.1*  As  the  laser  was 
scanned  at  0.  5 nm/sec  with  a 0.05  nm  bandwidth  across 
its  tuning  range,  an  excitation  signal  was  observed  only 
when  the  laser  pumped  molecules  into  A12*(»'  = l) 
from  XlZ*(v")  levels.  Limited  by  the  tuning  range 
of  Rhodamine  6G,  Fig.  1 shows  two  laser  induced 
photoluminescence  signals  corresponding  to  emission 
in  the  (1-2)  band  at  629.3  nm  as  the  laser  pumps 
(1-0)  at  580.5  nm  and  (1-1)  at  603.9  nm,  respec- 
tively. Together  with  the  appropriate  transition 
moment  ratios,  the  ratio  of  these  band  intensities  was 
then  used  to  obtain  the  NV.,M/ N*.mi  population  ratio 
according  to  Eq.  (3).  Repeated  application  of  this  tech- 
nique provided  a method  for  measuring  successive 
population  ratios  etc., 

through  the  ground  state  vibrational  manifold.  Data 
were  recorded  using  a Nicolet  signal  averager,  and  in- 
tensities were  measured  by  digital  integration  of  the 
area  under  each  band. 


RESULTS 

Successive  vibrational  band  intensity  ratios  were 
determined  for  pressures  between  0.  3 and  10  torr.  Re- 
peated measurements  of  each  pair  of  vibrational  baud 
intensities  established  a random  error  of  ± 10%  for  each 
ratio.  Several  ratios  were  measured  many  more  times 
to  ensure  statistical  reproducibility  on  different  days. 
Relative  populations  normalized  to  N0  = 1 were  obtained 
from  the  measured  band  intensity  ratios  and  Eq.  (3). 
Results  for  the  Ba+02  and  Ba  + NjO  reactions  are  given 
in  Table  I. 
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DISCUSSION 

Population  measurements  for  vibrational  levels  be- 
yond those  given  in  Table  I were  not  possible  because  of 
vanishing  signal  strength;  nevertheless,  the  Ba  + 02 
data  at  0.  3 torr  can  be  used  to  establish  a sensitivity 
limit  for  these  experiments.  This  limit  can  then  in 
turn  be  used  to  examine  the  possibility  of  a population 
inversion  between  levels  of  the  4*2*  state  and  the 
ground  state  for  BaO  produced  in  the  Ba  + N20  reaction 
under  the  high  quantum  efficiency  conditions  reported 
earlier. 1 

A barium  atom  flux  of  1017  atoms/sec  in  an  argon 
gas  flow  rate  of  1021  atoms/sec,  assuming  complete 
reaction,  produces  a BaO  partial  pressure  of  one  mtorr 
or  3xl013  molecules/cm3.  If  it  is  further  assumed  that 
these  molecules  are  partitioned  only  into  the  first  eight 
vibrational  levels  of  X'T,'  according  to  the  Ba  + 02  data 
at  0.  3 torr,  then  the  population  density  in  XlZ*(v"  = 7) 
is  = 8x  108  molecules/cm5.  Because  this  estimate  is 
based  on  the  assumption  that  the  steady  state  population 
density  of  BaO  in  any  state  other  than  the  first  eight  vi- 
brational levels  of  the  ground  state  is  zero,  it  places 
an  approximate  upper  limit  on  the  minimum  sensitivity 
of  these  experiments. 

The  possibility  of  an  inversion  existing  in  the  BaO 
distribution  formed  from  the  Ba+NzO  reaction  at  10 
torr  can  now  be  examined.  Jones  and  Broida  reported 
that  the  number  of  BaO  emitters  in  the  Ba  + N20  flame 
is  approximately  109/cm3  in  the  A lS*(r'  = l)  vibrational 
level.  Of  the  modestly  high  lying  ground  state  levels, 
A'I2*(t  " = 7)  has  the  most  favorable  Franck-Condon  fac- 
tor with  A lZ*(i/  = 1).  Using  the  same  technique,  which 
detected  no  more  than  8x10*  molecules/cm3  in 
X1Z*(v"  = 7)  for  the  Ba  + 02  reaction  at  0.3  torr,  we 
were  unable  to  detect  any  population  in  this  state  for  the 
Ba+N20  reaction  at  any  pressure  between  0.3  and  10 
torr.  This  observation  might  have  been  anticipated  be- 
cause the  increased  exoergicity  of  the  Ba+NzO  reaction 
relative  to  oxygen  will  produce  more  excited  state  BaO 
molecules,  leaving  fewer  to  populate  the  ground  state. 
Previous  results  using  Ar4  488. 0 nm  laser  induced 
photoluminescence  revealed  that  under  identical  condi- 
tions the  Ba  + Oz  reaction  produced  approximately  five 
times  higher  a concentration  of  BaOX1Z4(t;"  = 0)  than 
the  reaction  with  NzO.  Also,  if  there  is  substantial 
population  density  in  an  unobserved  reservoir  state, 
this  effect  could  be  significant.13  These  results  along 
with  those  of  Jones  and  Broida  strongly  suggest  that  a 
A ,Z4(r'“l)-X1r4(i/"  =7)  population  inversion  exists  in 
the  Ba+N20  flame  under  the  conditions  previously  re- 
ported. If  this  population  difference  is  significant, 
laser  operation  near  791  nm  may  be  possible. 

It  was  disappointing  that  we  were  unable  to  measure 
directly  the  relative  populations  for  higher  vibrational 
levels  at  the  higher  pressures.  This  is  contrary  to  what 
might  be  expected;  from  collisional  quenching  the  total 
ground  state  population  should  increase  with  increasing 
pressure.  Previous  results  show  that  the  ground  state 
vibrational  distribution  for  BaO  formed  at  10’3  torr  is 
thermal  (2500  °K). 1,2  Similarly,  our  data  for  the  Ba 


+02  reaction  at  0. 3 torr  indicate  ground  state  vibra- 
tional equilibration  corresponding  to  a temperature  of 
500  °K.  Indeed,  at  still  higher  pressures,  some  vi- 
brational relaxation  in  the  excited  state  occurs. 

For  example,  at  3 torr  emission  from  AlZ4( t>'  =1) 
while  pumping  A‘2*( v'  = 2)  is  clearly  observed  despite 
an  4lZ4  radiative  lifetime  of  350  nsec. 14 

The  fact  that  we  were  unable  to  measure  these  higher 
vibrational  population  ratios  must  be  ascribed  to  either 
higher  flame  noise  or  to  lower  signal  strengths.  We 
feel  that  it  is  the  latter.  For  example,  absolute  signal 
strengths  of  the  (1-2)  photoluminescence  band  were  ob- 
served to  decrease  by  almost  a factor  of  20  over  the  0. 3 
to  5 torr  pressure  range  while  the  noise  remained  near- 
ly constant.  We  must  attribute  this  reduction  in  absolute 
signal  strength  at  higher  pressures  to  a decrease  in  the 
total  ground  state  molecular  BaO  density.  In  turn,  the 
lower  BaO  density  could  result  from  one  or  a combina- 
tion of  the  following  factors:  The  first  is  a lowered  Ba 
atom  flux  rate.  At  high  argon  buffer  gas  pressures 
there  may  be  increased  conductive  cooling  of  the  alum- 
ina crucible  containing  the  barium  metal  thus  lowering 
its  vapor  pressure.  A drop  of  approximately  125° 
would  account  for  a factor  of  10  decrease  in  the  num- 
ber of  Ba  atoms  entering  the  argon  stream  with  a con- 
sequent reduction  in  the  number  of  barium  atoms  avail- 
able for  reaction.  In  fact,  at  the  higher  pressures,  it 
was  necessary  to  reduce  slightly  the  total  02  or  NzO 
concentration  in  order  to  maintain  the  2-3  cm3  flame 
volume.  This  maintenance  of  flame  geometry  was  es- 
sential to  the  valid  comparison  between  the  Jones  and 
Broida  Al2*  population  estimates  and  our  ground  state 
data.  Secondary  reactions  which  at  higher  pressures 
are  more  effective  in  removing  ground  state  molecules 
are  a second  possibility  for  the  lowered  BaO  density. 

We  know,  for  example,  that  such  a mechanism  exists 
because  we  are  not  able  to  observe  laser  induced  photo- 
luminescence of  BaO  much  beyond  the  flame  zone.  A 
third  possibility  is  that  a dark  reservoir  state  exists 
which  traps  excited  state  molecules  some  time  after 
their  initial  formation.  If  the  population  in  such  a state 
is  significant,  it  would  leave  fewer  BaO  molecules  of 
the  total  available  to  be  partitioned  into  the  ground  state 
levels.  Such  a state  has  been  postulated13  to  account  for 
the  high  A-X  photon  yield  and  its  pressure  dependence. 

CONCLUSION 

It  should  be  emphasized  that  the  above  considerations 
do  not  affect  the  Al2*(n'  = l)-JflS*(t;"  = 7)  population 
comparison  made  earlier.  A valid  comparison  required 
that  both  sets  of  measurements  be  made  under  nearly 
identical  flame  conditions.  Unfortunately  working  with- 
in this  constraint  we  found  that  the  number  of  BaO 
XlZ'(v"  >1)  molecules  in  the  high  pressure  flames  to 
be  below  the  sensitivity  limit  of  the  technique  as  es- 
tablished by  the  Ba  +02  data  at  0.  3 torr,  thus  precluding 
a direct  measurement  of  the  BaO  XlS4(e"  =7)  popula- 
tion at  10  torr. 

In  addition  to  the  results  specific  to  the  Ba  + NjO  and 
Ba  +02  reactions  reported  here,  it  has  been  demon- 
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strated  that  the  laser  induced  photoluminescence  tech- 
nique is  a sensitive  and  versatile  probe  of  the  steady 
state  population  distributions  of  ground  state  product 
molecules  formed  in  chemical  reactions. 
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On  the  importance  of  Ba(3D)  as  the  key  reactant  leading 
to  BaO(A-X)  chemiluminescence  in  the  Ba+N20  reaction* 
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Experiments  have  been  performed  to  examine  the  importance  of  metastable  Ba('D)  as  the  key  reactant 
leading  to  BaO<A— X)  chemiluminescence  in  the  Ba  + N20  reaction.  It  has  been  found  that  the  steady  state 
concentration  of  Ba(]D)  increases  substantially  in  the  reaction  of  Ba  with  N,0;  in  contrast,  the  Ba(’f>) 
steady  state  concentration  decreases  when  O,  and  NO,  are  used  as  oxidants.  By  simultaneously  monitoring 
the  BaO(<4— <X)  chemiluminescence  and  the  Ba(’D)  steady  state  concentration,  it  is  shown  that  with  the 
oxidant  unchanged,  an  order  of  magnitude  increase  in  Ba(’D)  has  no  major  effect  (±  15%)  on  the 
BaO(A— *J0  emission.  These  results  restrict  the  role  played  by  Ba(JD)  in  the  reaction  mechanism  leading  to 
A— chemiluminescence. 


INTRODUCTION 

Recently  there  has  been  considerable  Interest  in  the 
reaction  Ba+NgO.1"'  The  primary  reason  for  this  in- 
terest was  the  finding  of  Jones  and  Broida  that  under 
proper  conditions  the  BaO(A  -X)  chemiluminescence 
from  this  reaction  correspond  to  a photon  yield  of  over 
20%. 1 Even  more  striking  was  the  finding  that  one- 
third  of  the  photons  originate  from  BaO  A ‘S’  (v'=  1). 
Since  this  observation,  the  Ba+N20  reaction  has  been 
the  subject  of  much  further  experimental  study.  While 
there  is  general  agreement  concerning  the  high  photon 
yield,  some  other  features  of  this  reaction  are  less 
generally  accepted. 

The  kinetics  mechanism  leading  to  the  A-X  chemilu- 
minescence appears  to  be  moderately  complex  and  is 
not  well  understood.  The  effects  of  pressure  on  the  to- 
tal photon  yield  and  the  chemiluminescence  spectral  dis- 
tribution have  been  reported  by  Jones  and  Broida.* 

Based  on  the  observed  vibrational  population  of  A 
on  known  perturbations  between  BaO  a *n  and  A *£*,  and 
on  the  pressure  dependence  of  the  total  photon  yield, 
Field,  Jones,  and  Broida  have  suggested  that  BaO  a*n 
is  the  original  Ba+N20  reaction  product4;  according  to 
this  proposed  mechanism,  collisionally  induced  transi- 
tions from  BaO  a *n  then  lead  to  A *2*  emission. 

Much  of  the  recent  discussion  of  the  mechanism  for 
the  mechanism  for  the  Ba+  N20  reaction  has  centered 
on  how  the  BaO  a *n  state  can  be  formed  from  the  re- 
actants. 1,1  Field,  Jones,  and  Broida*’ 4 proposed  a re- 
action mechanism  based  on  adiabatic  correlation  be- 
tween Ba(*S)  and  virtually  free  0(*P)  from  N20  to  give 
BaO(a  *n).  The  adiabatic  dissociation  products  of  ground 
state  N20,  however,  are  0(lD)  and  N2(‘s).  Using  both 
weak  spin-orbit  and  (J,  J)  adiabatic  correlations,  Husain 
and  Wiesenfeld1  have  shown  that  Ba(3.D)  + N20(1£)  are 
adiabatically  correlated  to  the  a *n  state  of  BaO.  Hence 
Husain  and  Weisenfeld1  suggest  that  Ba(*D)  is  required 
to  produce  BaO  a *n  via  an  adiabatic  reaction  pathway. 

The  experiments  reported  here  examine  the  impor- 
tance of  Ba(*D)  in  producing  chemiluminescence  in  the 
Ba  + N20  reaction.  It  must  be  emphasized  at  the  begin- 
ning that  these  results  have  different  implications  for 
different  reaction  mechanisms.  Within  the  framework 
of  Field’s  proposal*’4  involving  BaO(a*n)  and  Husain’s 


adiabatic  correlations, 1 these  experiments  examine  the 
importance  of  the  step 

Ba^Dj  + NjO^D-  BaO(a*n)  + Na(‘E) 

in  the  reaction  leading  eventually  to  A-X  chemilumi- 
nescence. 

RESULTS 

The  experiments  reported  here  utilize  atomic  spec- 
troscopy to  monitor  the  relative  concentrations  of  ex- 
cited Ba  species  under  various  pressure  conditions  and 
in  the  presence  of  various  oxidizers.  In  particular, 
the  Ba (*D)  population  and  the  BaO(A-X)  chemilumines- 
cence were  monitored  under  identical  experimental  con- 
ditions, and  in  some  cases  simultaneously.  The  basic 
apparatus  is  identical  to  that  used  in  the  BaO  chemilu- 
minescence studies. *'7  A ceramic  crucible  containing 
barium  metal  was  resistively  heated  to  about  1100  °K 
by  a tungsten  wire  heater.  Vapor  phase  barium  atoms 
were  entrained  by  argon  carrier  gas  and  flowed  upward 
into  the  burner  region,  where  various  oxidants  were 
added  to  the  argon-barium  stream.  The  output  from  a 
tunable  cw  dye  laser*  was  directed  downward  through  the 
burner  region,  coinciding  with  part  of  the  barium  flow. 
Aim  scanning  monochromator  observed  both  chemilu- 
minsecence  and  photoluminescence  in  the  burner  region 
through  a side  window.  Most  of  the  work  reported  here 
was  performed  at  total  pressures  of  50—200  mtorr  with 
argon  the  most  abundant  species  by  at  least  two  orders 
of  magnitude. 

At  modest  argon  flow,  a chamber  pressure  of  50 
mtorr  and  in  the  absence  of  any  added  oxidant,  no  atom- 
ic or  molecular  emission  between  400  and  600  nm  was 
observed.  When  the  dye  laser  was  tuned  to  one  of  tbe 
*D-*P  absorptions  of  barium  (see  Fig.  1),  weak  pb'.io- 
luminescence  emission  was  visible  by  eye.  This  emis- 
sion was  unambiguously  assinged  to  Ba  *P-*D  by  observ- 
ing the  photoluminescence  through  the  monochromator. 
Emission  was  observed  at  the  laser  wavelength  and  at 
the  wavelengths  of  the  allowed  transitions  from  the  laser 
pumped  upper  level  to  other  fine  structure  levels  of 
*D.  Considerably  weaker  emission  from  the  fine  struc- 
ture levels  of  *P  other  than  the  pumped  component  were 
also  observed;  these  other  *P  fine  structure  levels  were 
populated  by  collision  induced  transitions  between  the 
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FIG.  1.  A partial  schematic  energy  level  diagram  for  atomic 
barium  displaying  the  levels  utilized  in  our  experiments.  For 
clarity,  four  triplet  levels  and  four  singlet  levels  between  iD 
and  ,P°  have  been  omitted. 


fine  structure  components.  Figure  1 shows  the  appro- 
priate energy  level  diagram  of  Ba. 

At  constant  laser  power,  the  intensity  of  laser  in- 
duced emission  for  any  particular  SP-SD  fine  structure 
component  is  directly  proportional  to  the  amount  of 
Ba (5D)  present;  this  emission  intensity  may  therefore 
be  used  to  measure  changes  in  the  Baf’D)  concentration 
under  differing  reaction  conditions.  To  insure  that 
scattered  laser  light  did  not  interfere,  the  monochroma- 
tor was  tuned  to  a *P-SD  fine  structure  component  other 
than  that  which  was  pumped  by  the  laser.  Care  was  also 
taken  to  ensure  that  bright  chemiluminescence  was  not 
confused  with  the  laser  induced  photoluminescence. 

The  importance  of  Ba(lD)  in  the  kinetics  of  Ba+N20 
must  not  be  dismissed  on  the  basis  of  the  small  thermal 
population  of  Ba (3D)  at  the  oven  temperatures  used.  The 
excitation  energy  lS-*X>  is  approximately  9300  cm*1  {see 
Fig.  1),  implying  that  on  the  order  of  0.01%  of  the  bari- 
um would  be  present  as  Ba (’D)  at  thermal  equilibrium. 
Although  this  thermal  population  is  too  small  to  account 
for  the  20%  photon  yield,  Ba(3Z>)  may  itself  be  produced 
from  Ba(1S)  in  the  chemical  reaction.  While  monitoring 
laser  induced  Ba  aP-aD  emission,  various  oxidants  were 
slowly  introduced  into  the  burner  chamber.  With  N20, 
there  was  a dramatic  increase  in  the  laser  induced 
emission  from  triplet  barium;  the  peak  intensity  was  a 
factor  of  10-50  greater  than  in  the  absence  of  N20  with 
other  conditions  constant.  Additional  N20  then  de- 
creased the  Ba(3D)  concentration,  presumably  because 
of  consumption  of  barium  in  the  stream.  When  the  bari- 
um flow  was  increased,  more  N20  was  needed  to  peak 
the  Ba(3£)  concentration.  Under  these  conditions  no 
barium  emission  was  observed  in  the  absence  of  laser 
excitation.  In  the  case  of  N20,  it  is  clear  that  Ba(3D) 

Is  iu lined  In  lue  chemical  reaction. 

In  contrast  to  the  behavior  with  N20,  use  of  either  02 
or  N02  as  oxidant  only  decreased  the  Ba (3f))  concentra- 
tion. Although  these  results  do  not  imply  that  no  Ba(3D) 


formed,  it  may  be  concluded  that  the  steady  state  con- 
centration of  Ba (3D)  does  not  increase  in  the  reaction  of 
Ba  with  these  two  oxidants. 

In  the  presence  of  N20,  the  Ba (3Z>)  concentration  is 
markedly  increased.  Although  the  Ba{3D)  concentration 
is  still  low,  it  must  not  be  inferred  that  it  is  too  small 
to  account  for  the  large  chemiluminescence  photon  yield. 
There  are  numerous  kinetic  schemes  in  which  a small 
steady  state  concentration  of  the  key  reactant  can  lead 
to  extremely  efficient  product  formation.  In  order  to 
determine  if  Ba (aD)  is  such  an  efficient  reactant  in  pro- 
ducing BaOtA-X)  chemiluminescence,  the  A-X  emission 
intensity  was  monitored  while  changing  the  Baf3!))  con- 
centration. The  Ba pD)  concentration  was  changed  by 
making  a slight  modification  in  the  apparatus.  The  cru- 
cible heater  coil  was  powered  by  free  floating  alternat- 
ing current.  For  subsequent  experiments,  a small  dc 
voltage  was  applied  (0-3  V)  between  the  heater  filament 
near  the  outlet  of  the  crucible  and  the  metal  plate  sepa- 
rating the  oven  from  the  burner  region,  making  the  fila- 
ment slightly  negative  with  respect  to  the  grounded 
plate. 1 The  Ba (aD)  concentration  was  monitored  with 
no  oxidant  in  the  burner  chamber  while  changing  this 
small  auxiliary  dc  voltage.  It  was  found  that  for  a given 
heater  setting  a very  large  increase  in  the  Ba(sjD)  con- 
centration could  be  obtained  by  applying  a small  voltage. 
The  optimal  dc  voltage  and  the  resulting  Ba (3U)  increase 
depended  reproducibly  on  the  heater  setting.  Typically 
2 V increased  the  Ba(3JD)  concentration  by  a factor  of 
100.  Under  these  conditions  the  direct  circuit  was  car- 
rying less  than  1 mA  of  current,  and  in  the  absence  of 
laser  induced  photoluminescence  no  atomic  emission 
was  observed.  Increased  Ba{3D)  under  these  conditions 
may  result  from  electron  impact  excitation  of  Ba(*S)  by 
thermionic  electrons  from  the  tungsten  heater.  It  was 
also  possible  to  drive  a discharge  in  the  oven  region  by 
supplying  several  volts  of  dc  and  drawing  1 A of  current 
in  the  direct  circuit.  Under  these  more  extreme  condi- 
tions, spontaneous  emission  from  excited  barium  atoms 
and  barium  ions  (Ba*)  could  be  observed. 

With  excess  N20  flowing  Into  the  burner  region  and  a 
total  pressure  of  200  mtorr,  the  BaO(A-X)  chemilumi- 
nescence emission  was  measured  as  a function  of  Ba(3D) 
concentration.  Figure  2 shows  successive  spectra 
recorded  by  sweeping  the  monochromator  through  a 7. 0 
nm  region  containing  the  strong  A lZ*(v'=  l)-X,S*(vw 
= 1)  emission  band.  Figure  2a  shows  this  chemilumines- 
cence emission  with  dc  off.  Figure  2b  shows  the  same 
spectral  region  under  Identical  conditions  except  that 
the  dc  was  set  to  nominally  2 V.  The  intensity  of  the 
A-X  emission  changes  very  little  (a  10%  decrease  in 
Fig.  2b).  Figure  2c  shows  the  same  spectral  region  un- 
der identical  conditions  With  the  dc  off  and  the  dye  laser 
tuned  to  the  aDl-aPl  barium  transition  at  599. 71  nm. 

The  new  emission  at  606. 31  nm  is  the  barium  *P,-3f>2 
line.  Figure  2d  shows  the  same  spectral  region  with  the 
dc  sat  at  2 V ar.d  the  dye  laser  tuned  to  the  same  Ba 
transition  as  in  2c;  note  the  large  Increase  in  Ba  laser 
induced  emission.  As  Fig.  2 illustrates,  an  order  of 
magnitude  increase  in  the  steady  state  concentration  of 
Ba(3I5)  produced  only  a modest  change  in  the  A-Xemis- 
sion. 
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FIG.  2.  Effect  of  BaPD)  on  BaO  A*S*(r' =1) -2f*2*(i-"  = l) 
chemiluminescence  for  Ba  + NjO.  Experimental  conditions  and 
sensitivity  are  constant  except  as  noted.  The  weak  feature 
(identified  by  the  arrow  in  at  at  607  nm  is  consistent  with  sev- 
eral A —X  and  A'  — X emissions,  (a)  A( tf  =1) -Xiv"  = 1! 
chemiluminescence  with  auxiliary  dc  voltage  off.  (b)  Same 
as  a except  the  auxiliary  dc  is  on.  (c)  Same  as  a except  the 
dye  laser  is  tuned  to  the  Ba  3Z)  — 'p  absorption  at  599.  71  nm; 
the  new  feature  at  606.  31  nm  is  a Ba  3P  — 3I>  laser  induced 
emission,  (d)  Same  as  c except  that  the  dc  is  turned  on;  note 
the  large  increase  in  the  Ea  laser  induced  emission  with  no 
corresponding  change  in  the  A —X  chemiluminescence  (insert 
shows  1/10  sensitivity). 


The  .A  ( v = 1)  level  was  chosen  because  t»  = 1 is  re- 
ported4 to  be  strongly  perturbed  by  BaO  o*n.  If  the 
A~X  chemiluminescence  were  limited  by  the  Ba(3D) 
concentration,  this  band  should  have  shown  a marked 
increase  in  intensity  as  Ba(3K)  was  increased  by  more 
than  an  order  of  magnitude.  This  is  clearly  not  the 
case. 

The  Ba+N20  chemiluminsecence  spectrum  from  350 
to  620  nm  was  also  examined  as  a function  of  increased 
Ba (*I>)  steady  state  concentration;  no  segment  of  the 
chemiluminescence  spectrum  was  modified  by  more 
than  ± 15%  when  the  small  dc  voltage  was  applied.  For 
fixed  experimental  conditions,  the  effect  of  the  dc  on 
the  intensity  of  the  chemiluminescence  was  reproduci- 
ble, and  all  regions  of  the  spectrum  appeared  to  be  af- 
fected equivalently.  For  example,  chemiluminescence 
at  all  wavelengths  might  increase  by  5%  under  some 
conditions,  but  under  modified  conditions,  a decrease 
of  10%  might  be  observed.  No  feature  of  the  chemilu- 
minescence was  observed  to  change  by  as  much  as  20% 
despite  the  order  of  magnitude  increase  in  Ba(’i5).  We 
are  examining  these  small  changps  for  possible  further 
information  concerning  the  reaction  kinetics.  There  is 
the  possibility  that  under  the  more  extreme  conditions 
of  the  discharge,  the  total  barium  flow  characteristics 
may  change. 


CONCLUSIONS 

We  emphasize  that  our  results  do  not  imply  that  Ba(lS) 
is  the  only  barium  reactant  leading  to  A-X  chemilumi- 
nescence. Were  Ba (*S)  the  only  barium  reactant,  our 
experiments  would  be  expected  to  show  no  large  change 
in  the  A-X  chemiluminescence,  as  observed.  However, 
if  Ba(*S)  and  Ba(sD)  are  both  reactants  leading  to  chemi- 
luminescence, the  effect  on  the  .A- X chemiluminescence 
of  increasing  Ba (*D)  would  be  critically  dependent  on  the 
nature  of  the  reaction  mechanism  and  on  the  cross  sec- 
tions for  reaction  of  Ba(lS)  and  Ba (*jD);  the  effect  on  the 
chemiluminescence  spectral  distribution  might  be  small 
and  either  positive  or  negative.  The  results  reported 
here  are  consistent  with  several  mechanisms  for  the 
Ba  + NjO  reaction.  A mechanism  in  which  Ba (SZ>)  is  not 
involved  in  producing  the  chemiluminescence,  or  a 
mechanism  in  which  Ba(3D)  is  one  of  several  Important 
barium  reactants,  is  consistent  with  these  results. 
Further,  a mechanism  In  which  Ba (*£)  Is  the  only  im- 
portant reactant  leading  to  A —X  chemiluminescence  may 
be  consistent  with  these  results,  but  the  observed  lack 
of  dependence  of  A— X emission  on  increased  Ba (*D) 
places  severe  restrictions  on  the  overall  mechanism  in 
this  case. 

It  is  possible  to  use  these  experimental  results  togeth- 
er with  other  data  for  this  reaction  to  infer  conclusions 
about  specific  reaction  mechanisms.  We  refrain  from 
such  discussion  here,  however,  to  insure  that  these  re- 
sults are  not  linked  to  any  one  mechanism.  Consider- 
able additional  work  is  clearly  required  to  unravel  the 
kinetics  of  this  reaction.  We  believe  that  adequate  at- 
tention has  not  been  paid  to  the  first  step  of  the  reaction. 

This  use  of  spectroscopy  to  monitor  the  possible  im- 
portance of  one  reactant  or  intermediate  is  another  of 
many  examples  of  the  utility  of  spectroscopy  in  studying 
kinetic  mechanisms  without  altering  the  reaction  itself. 
Additional  studies  of  this  type  may  be  helpful  in  attempt- 
ing to  deduce  the  kinetic  mechanism  responsible  for  oth- 
er chemiluminescence  producing  reactions. 

ACKNOWLEDGMENTS 

We  thank  Professor  H.  P.  Broida  for  his  always  con- 
structive comments  and  R.  W.  Field  for  his  suggestion 
of  how  to  monitor  the  relative  barium  (JZ>)  concentration. 
We  gratefully  acknowledge  the  support  of  APOSR. 

♦Work  supported  In  part  by  AFOSR  Grant  No.  AFOSR-73-2565. 
’d.  Husain  and  J.  R.  Wiesenfeld,  J.  Chem.  Phys.  62,  2010 
(1975). 

*R.  W.  Field,  C.  R.  Jones,  and  H.  P.  Broida,  J.  Chem. 

Phys.  62,  2012  (1975). 

3C.  R.  Jones  and  H.  P.  Broida,  J.  Chem.  Phys.  60,  4369 
(1974). 

4R.  W.  Field,  C.  R.  Jones,  and  II.  P.  Broida,  J.  Chem. 

Phys.  60,  4377  (1974). 

5D.  J.  Eckstrom,  S.  A.  Kdclstein.  and  S.  W.  Benson,  J. 

Phy?.  60,  2930  (1074). 

SC.  J.  Hsu,  \V.  D.  Krugh,  and  H.  B.  Palmer,  J.  Chem.  Phys. 
60,  5118  (1974). 

7J.  B.  West,  R.  S.  Bradford,  Jr. , J.  D.  Eversole,  and  C.  R. 

Jones,  Rev.  Sei.  Instrum.  46,  164  (1975). 
sIi.  W.  Field,  A.  D.  English,  T.  Tanaka,  D.  O.  Harris,  and 
L).  A.  Jennings,  J.  Chem.  Phys.  59,  2191  (1973). 


J.  Chem.  Phy* , Vol.  63,  No.  7,  1 October  1975 


JOURNAL  or  MOLECULAR  SPECTROSCOPY  68,  452-487  (1977) 


Argon  Ion  and  Dye  Laser  Induced  MgO  fi1E+-X1s+  and 
B1s+-A1  n Photoluminescence  Spectra 

Analysis  of  o3ni  — X'S*  Perturbations 1 

Tatsuva  Ikeda,’  King  Bew  Wong,  and  David  0.  Harris 

Department  oj  Chemistry  and  Quantum  Institute,  University  of  California, 

Santa  Barbara,  California  93106 

AND 

Robert  \Y.  Field’ 

Department  of  Chemistry,  Massachusetts  Institute  of  Technology, 

Cambridge,  Massachusetts  02139 

We  have  experimentally  demonstrated  that  the  electronic  ground  state  of  MgO  is  202'''. 
The  lowest  energy  excited  state  was  shown  to  be  a’n„  for  which  the  following  constants  were 
determined  (l<r  uncertainty  in  parentheses) : 


T. 

2623  (7)  cm"' 

«• 

648(5) 

0>'X, 

3.9  (9) 

B. 

0.5022  (13) 

0.0042  (8)  (Pekeris’  relation) 

A 

-64(1) 

The  a'llj  state  was  observed  and  characterized  from  its  perturbations  of  the  A"‘2+  (vx  > 2) 
levels.  These  perturbations  were  detected  in  the  photoluminescence  from  the  B'2+  state  in- 
duced by  the  476.5-,  496.5-,  and  514.5-nm  lines  of  an  argon  ion  laser.  The  three  laser  lines 
were  shown  to  coincide  with  a total  of  eight  strong  and  assignable  molecular  lines  belonging 
to  the  B’2+- X'S*  system  of  the  three  isotopic  species  uMg"0,  ”Mg"0,  and  wMg'*0.  The 
496.5-nm  line  excited  the  less  abundant  “Mg'*0  species  almost  exclusively.  Rotationally 
resolved  photoluminescence  from  eight  B'2+  (rn,  Jr)  levels  was  observed  into  vibronic  levels 
A'*2+  (ix  = 0-7)  and  ATI  (r.<  = 0-8).  A''2+~a3n,-  perturbations  appeared  as  level  shifts 
often  accompanied  by  extra  transitions  into  levels  of  dominant  <i’T Ij  character;  a total  of  20 
extra  lines  were  assigned.  ATI  ~ X'2+  perturbations  were  also  observed,  and  six  extra  lines 
were  assigned.  Measurement  of  the  relative  intensities  of  B'2'-.1T1  and  B'Z*-X'Z*  photo- 
luminescence originating  simultaneously  from  a single  (fa,  Jb)  level  permitted  determination 
of  the  transition  moment  ratio 

R,b-x/R'B-a  = 1.35  ±0.07. 

The  electronically  excited  A ‘II  state  was  present  in  our  Mg  + X;0  flame  in  sufficient  con- 
centration to  record  the  MgO  B‘2**—  A ‘II  excitation  spectrum  using  a cw  Rhodamine  6G 
dye  laser.  This  observation  raises  the  possibility  of  direct  population  monitoring  of  other 
electronically  excited  species  in  flames. 

'This  work  was  supported  by  AFSOR  Grant  73-2565  and  XSF  Grants  MPS72-04978  and  CHE- 
7505959. 
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I.  IXTRODl'CTION' 

In  this  paper  we  report  on  laser  induced  photoluminescence  spectra  of  MgO.  Several 
important  advantages  of  laser  over  conventional  spectroscopy  are  illustrated:  spectral 
simplification,  ability  to  detect  and  assign  lines  differing  in  intensity  by  several  orders  of 
magnitude,  and  high  sensitivity.  The  most  significant  result  reported  here  is  the  spec- 
troscopic characterization  of  the  lowest  energy  electronically  excited  state  of  MgO, 
u’ll,,  as  obtained  from  analysis  of  A' '2+  ~ a’lf,  perturbations.  It  is  unlikely  that  the 
"extra  lines,”  transitions  into  levels  of  dominant  a’ll,  character  which  were  essential  in 
characterizing  this  state,  could  have  been  assigned  from  an  ordinary  emission  spectrum. 

Magnesium  monoxide  has  been  the  subject  of  numerous  spectroscopic  ( 1-22 ) and 
theoretical  investigations  (23-26).  Eight  singlet  states  are  known  below  40  000  cm-1: 
A'*2+  (2-4),  A1  n (4,  8,  9 (incorrect)),  B'Z+  (1-4,  6-8),  C'Zr  (11, 12, 14),  D'A  (14,  15), 
£‘2+  (16,  19),  Fl II  (17,  19),  and  GlII  (18,  19).  Two  triplet  states  are  known,  a’ll  and 
(/3A  (5  (unidentified),  6 (incorrect),  10,  13  (incorrect),  15  (unidentified),  20-22),  but 
no  rotationally  resolved  spectrum,  rotational  analysis,  or  direct  determination  of  the 
energy  of  triplet  states  relative  to  singlets  has  been  reported. 

The  electronic  ground  state  for  all  of  the  alkaline  earth  monoxides  except  MgO  is 
known  to  be  .Y‘2"  (27-29).  However,  in  MgO  the  .-I'll  state,  and  by  Hund’s  rule  also 
the  isoconfigurational  a’II<  state,  lie  at  very  low  energy,  r,(.4‘II)  = 3563  cm-1  (4).  The 
possibility  that  MgO  a*fl,-  is  actually  the  electronic  ground  state  has  been  vigorously 
debated  and  can  now  be  experimentally  eliminated. 

The  a3II,  state  has  a degeneracy  of  6 and  is  found  here  to  lie  at 

T.  = 2623  ± 7 cm-1 

above  .Y'2~  and 

r,(.4'n)  - r.(a’II)  = 940  cm-1 

below  A'll.  The  existence  of  a very  low-lying  high-degeneraev,  metastable  electronic 
state  of  MgO  has  thermochemical  (10,  30)  and  kinetic  significance.  This  situation  is 
unique  among  the  alkaline  earth  monoxides;  the  lowest-lying  a*n  state  occurs  in  BeO 
and  CaO  near  8000  cm-1  and  still  higher  in  SrO  and  BaO.  It  is  of  interest  that  an  SCF 
calculation  (24)  accurately  predicts  the  /l’n-u’II,  splitting  and  that  all  of  the  other  ab 
initio  calculations  (some  for  r values  rather  far  from  r,  of  both  states)  overestimate  this 
splitting  (23-25). 

Determination  of  the  energy  location  of  the  triplet  manifold  relative  to  the  singlet 
is  difficult  for  light  diatomic  molecules.  The  singlet-triplet  separation  is  obtained  either 
from  analysis  of  intercombination  bands  or  spin-orbit  perturbations.  Both  occur  be- 
cause the  spin-orbit  term  in  the  Hamiltonian  mixes  singlet  and  triplet  wavefunctions. 
This  mixing  lends  intensity  to  nominally  spin-forbidden  transitions.  Intercombination 
bands  are  often  observed  in  emission  because  a spin-selective  reaction  sequence  forms 
metastable  molecules  in  the  lowest  state  of  a given  multiplicity  under  conditions  such 
that  phosphorescence  is  not  quenched. 

Even  when  such  intercombination  transitions  are  observable,  low  intensity  and  spec- 
tral complexity  often  combine  to  make  a complete  rotational  analysis  prohibitively 
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mation,  perhaps  only  a [perturbation  interaction  energy  and  the  energies  of  a few  rota- 
tional levels.  The  critical  point  aljout  fragmentary  perturbation  information  is  that  the 
rotational  quantum  numl  er  and  parity  of  the  perturbing  levels  are  unambiguously 
determined  by  SJ  = 0 and  + »-»  — perturbation  selection  rules.  Consequently  rota- 
tional and  vibrational  constants  of  accuracy  comparable  to  those  derived  from  a com- 
plete rotational  analysis,  and,  in  addition,  electronic  and  vibrational  assignments  of 
the  perturbing  levels  are  obtainable. 

The  classic  example  of  the  use  of  j>erturbations  to  determine  a singlet  triplet  separa- 
tion was  the  demonstration  that  the  electronic  ground  state  of  C's  is  ,2I/+  rather  than 
’Hu  as  was  previously  lielieved  (31).  Matching  b 32B~  ~ Xl2„'f  perturbations  were  ob- 
served in  the  singlet -singlet  Phillips  .4TIU  -.Yl2„+  (32)  and  triplet-  triplet  Ballilc  -Ramsay 
(33)  bands.  In  addition  to  those  of  C'i,  perturbations  have  been  observed  for 
other  molecules  which  are  isovalent  to  MgO,  namely,  CaO  (34,  35),  SrO  (36,  38),  and 
BaO  (39,  40),  and  have  recently  been  used  to  locate  and  characterize  the  lowest  energy 
u’n  and  .l'*II  states  of  these  molecules  (27). 

All  previous  investigations  of  the  spectrum  of  MgO  involved  conventional  absorption 
and  emission  spectroscopy.  We  report  here  an  extension  of  the  BlZ+-X'Z+  and 
systems  by  laser  induced  photoluminescence  spectroscopy.  This  work  was  initiated  with 
the  expectation  that  the  relative  spectral  simplicity  and  sensitivity  to  weak  features 
inherent  in  laser  induced  photoluminescence  spectroscopy  would  [permit  observation  of 
/?‘2_-<j3II  intercombination  transitions  due  either  to  (i3II~.l‘II  or  aHl  ~ A''£+  perturba- 
tions. Eight  MgO  13- X transitions  coincident  with  several  argon  ion  laser  lines  were 
rovibronically  and  isotopically  assigned.  The  photoluminescence  spectra  included  tran- 
sitions involving  higher  vibrational  levels  of  the  li'2+,  /13II,  and  A'‘2+  states  than  those 
i previously  studied  (.?,  4.  8).  It  was  in  these  higher  vibrational  levels,  r = 3-7,  of  the 

A'1-”  state  that  X1— * — a3!!,-  [perturbations  were  observed.  ATI  ~ X‘2+  perturbations 
were  also  observed.  A total  of  20  rotation- vibration  levels  of  dominant  a3II,  character 
were  observed,  and  spectroscopic  constants  for  the  MgO  u’H,  state  were  determined. 
This  analysis  leaves  no  doubt  that  a’fl,  (r  = 0)  lies  above  A''2+  (r  = 0)  even  though 
(i’ll,  must  dissociate  adiabatically  to  a limit  at  lower  energy  than  that  of  A'‘2+. 

It.  EXPERIMENTAL  METHOD 

MgO  was  generated  in  a dilute  Mg  + X/)  flame  at  1-5-Torr  total  pressure  in  a 
vacuum  flow  system  similar  to  one  descrilped  previously  (41).  Magnesium  metal 
(99.99%),  with  its  natural  isotope  abundance  ratios  '■i,Mg:*'‘Mg:!eMg  = 7:1:1,  was 
vaporized  at  approximately  1 g/hr  from  an  aluminum  oxide  crucible  supported  and 
heated  by  a tungsten  basket  heater  (40  A at  3 V).  The  Mg  vapor  was  entrained  in  argon 
and  flowed  into  the  flame  region  where  it  was  reacted  with  an  excess  of  X»0. 

• Radiation  from  a Sjpectra  Physics  Ar*  laser  was  directed  vertically  through  a Brewster 

window  into  the  center  of  the  flame  region.  The  strongest  photoluminescence  was  ob- 
„ served  with  the  476.5-,  496.5-.  and  514.5-nm  laser  lines  at  typical  [powers  of  2,  2,  and  5 VV, 
respectively.  As  discussed  later,  the  47o.5-nm  line  was  found  to  excite  at  least  three 
MgO  B-X  transitions  and  the  514.5-nm  line  at  least  four.  An  intracavity  air-spaced 
etalon  was  used  in  some  ex|>erinients  with  the  476.5-  and  514.5-nm  line  in  order  to  fre- 
quency narrow  and  tune  these  lines  across  their  5-GHz  wide  gain  profile.  This  etalon 
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IK'rmillnl  selective  excitation  of  individual  MgO  transitions  and  considerably  facilitated 
assignment  of  the  lluorescence  spectra.  Photoluminescence  excited  by  the  other  available 
Ar+  lines  was  too  weak  to  be  isotopically  and  rovibronically  assigned. 

An  image  of  the  photoluminescence  was  focused  on  the  entrance  slit  of  a 1-m  mono- 
chromator employing  a 1200-groo ve/mm  grating  blazed  at  500  nm.  Spectra  were  re- 
corded on  a strip  chart  recorder  while  the  monochromator  wavelength  was  scanned. 
Hg  and  Xe  pen  lamp  lines  were  used  for  wavelength  calibration ; measurement  accuracy 
was  typically  ±0.02  nm. 

In  addition  to  the  Ar+  laser  induced  photoluminescence  sjjectra,  excitation  spectra 
were  recorded  in  the  570-620-nm  region  using  a cw,  tunable  dye  laser  (41).  The  dye 
laser  was  operated  in  a single  longitudinal  mode  at  typically  30  mVV.  Individual  rota- 
tional lines  in  the  2J'S+-^4‘II  (1,0)  and  (0,0)  bands  were  excited  and  detected  by  the 
resultant  shorter  wavelength  Bl2+-X'X*  Ar  = 0 photoluminescence  near  499  nm.  The 
intensity  of  the  B-A  (1,0)  excitation  band  was  three  times  that  for  the  (0,0).  B-X 
fluorescence  induced  by  B*—A  excitation  with  a 30-m\V  single  mode  dye  laser  was 
more  than  10s  weaker  than  that  excited  by  B <—  X excitation  with  a 1-\V  single  mode 
Ar+  laser. 

III.  RESULTS 

.4.  Assignment  of  Ar*  Laser  Induced  Photoluminescence  Spectra 

Fluorescence  progressions  in  the  MgO  and  Bl2:+-.I,n  systems  result  from 

Ar+  laser  excitation  into  the  B'Z+  state.  The  B-X  and  B-A  systems  are  known,  respec- 
tively, as  the  green  (i>„0  — 20  004  cm-1)  and  red  (ri>u  = 16  500  cm-1)  systems  (-/).  lie- 
cause  of  the  dynamic  range  of  laser  photoluminescence  spectroscopy,  vibrational  pro- 
gressions in  l)oth  systems  were  observed  extending  to  larger  Ar  values  than  were  ob- 
servable by  conventional  emission  spectroscopy.  Lines  with  relative  intensities  differing 
by  more  than  10s  were  readily  recorded.  For  each  laser  coincidence,  longer  progressions 
were  observed  in  B-A  than  B-X  fluorescence.  As  expected  for  ,2+-'2+  and  12+-lll  tran- 
sitions, B-X  fluorescence  appeared  as  a progression  of  P,K  doublets  and  B-A  as  P,Q,R 
triplets. 

The  major  problem  associated  with  assigning  the  specific  MgO  B-X  lines  that  co- 
incide with  Ar+  laser  lines  arose  from  high  sensitivity  to  less  abundant  species.  Isotopic 
molecules  MMg"0,  5,Mg1*0, 2',Mg‘"0  as  well  as  vibrationally  excited  A-l2+  levels  up  to 
r.v  = 5 were  found  here  to  result  in  assignable  fluorescence  features.  Rotation,  vibration, 
and  isotopic  assignments  were  inextricably  linked.  In  addition,  perturbations  of  the 
r > 2 levels  of  .1 *17  and  A"‘2+  rendered  the  use  of  calculated  spectra  and  isotope  shifts, 
based  on  accepted  B-,  A-,  and  A'-state  constants  (4),  hazardous. 

Assignment  of  the  Ar+  laser  coincidences  with  MgO  B-X  lines  involves  determination 
of  Ar  = v’n  — v"x,  A J = J'D  — J"x,  r'/;,  J' n,  and  isotopic  species.  Assignments  were 
guided  and  confirmed  by  the  following  types  of  information: 

1.  Because  the  vibrational  and  rotational  constants  of  the  B and  X states  are 
similar,  the  B-X  band  system  has  compact  sequence  structure.  In  emission,  the  strongest 
bands  originating  from  a common  i'n  level  arc  At  = 0 and,  at  least  six  times  weaker, 
Ar  = ±1.  The  three  Ar+  lines  observed  to  excite  strong  photoluminescence,  476.5, 
496.5,  and  514.5  nm,  fall,  respectively,  in  the  Ar  = +1,  0,  and  —1  regions.  The  476.5-nm 
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line  mincidos  with  three  />‘-.V  transitions.  Knelt  was  shown  to  Mi  mg  to  the  />-.Y 
A;  = 4-1  sequence  by  its  location  approximately  u>" , to  the  blue  of  the  most  intense 
(therefore  Ac  = 0)  H X P,R  doublet  which  originated  from  the  common  laser-populated 
(r level.  The  At  = 0 assignment  of  the  single  MgO  H X line  excited  at  4%. 5 nm 
and  the  Ar  = —1  assignments  of  the  four  lines  excited  at  514.5  nm  were  confirmed  by 
the  location  of  the  laser  excitation  line  relative  to  the  three  strongest  B-X  P,R  doublets. 

2.  Fluorescence  in  the  same  v"x)  band  as  the  laser  excitation  line  determines 
whether  the  laser  frequency  coincides  with  that  of  an  R-  or  P-branch  line.  If,  as  for 


TABLE  la 

Fluorescence  lines  Due  to  the  Coincidence  of  the  476.5-nm  Laser  Line  with  R{2 6) 
of  the  B-X  (5,4)  Band  of  "MgO 


B-X  Systan  B-A  Systtf 


t ■ r «4 

I'b 

. b 

(or'1) 

,v.d 

(cm'’ 

) 

Can  4 

obs 

(cm"’) 

(cm'1) 

‘1 

(5.3) 

R 

21719.8 

1.2 

.)  7 5 

R 

20545.0 

-0.9 

P 

21658.2 

0.6 

0.328x10  2 g 

(5,0) 

0 

20518.0 

-0.7 

0.104  x 

111'1 

P 

20489.4 

-1.3 

R 

20931.0 

2.5 

P 

2C319.3 

1.2 

0.105  o| 

R 

19891.4 

-1.1 

(5.1) 

Q 

19864.1 

-1.5 

0.124 

. . . , 

R 

20257.2 

9.0 

P 

19836.5 

-1.4 

P 

20199.2 

10.3 

0752  -0.8 

p. 

19246.1 

-0.8 

, . . 

P. 

19496.1 

-33.3 

(5,21 

0 

19220.2 

-0.1 

0.205 

P 

19438.  * 

-31.3 

°-135  -0.5 

P 

19192.2 

-0.6 

R 

18802. C 

-13.4 

_2  _ a n 

R 

[... . 

P 

18743.1 

-18.5 

(5.3) 

0 

P 

0.577  x 

10  3 

£i 

'tra  Lines® 

0 

17977.4 

-1.2 

v . 

(5,0 

b 

17951.6 

-1.5 

0.114 

f 

Intensity^ 

. 

p 

17923.9 

-2.2 

" • 

<C-  , 

r e 

(obs)  (calc 

(or  ) 

R 

17354.2 

-2.9 

20147.5 

103.3 

C.14 

1.1 

(5.5! 

0 

17328.9 

-2.3 

0.385  x 

f*  ‘ 

P* 

20393.3 

105.9 

0.14  0.17 

1.7 

p 

17300.4 

-4.1 

R*t 

20228.-: 

23.2 

0.09 

-0.5 

p 

16737.1 

•5.7 

?* 

20174.4 

24. £ 

0.14  0.15 

0.2 

(5,6) 

o 

16713.1 

-4.2 

0.117  x 

10' 1 

p 

16689.6 

-1.1 

, , . , 

19552.5 

-66.4 

0.43  0.60 

-0.3 

X-  . - 

P 

19507.1 

-68.3 

0.46  0.51 

0.5 

p. 

16131.3 

-5.1 

(5.7) 

0 

16105.6 

-5.3 

0.756  x 

10‘1 

p 

16080.0 

-4.7 

R 

15529.4 

-•'.3 

(5,8) 

9 

15504.6 

-7.9 

0.624  x 

TO’1 

? 

15478.5 

-8.1 

* The  rotational  quantum  numbers  are  omitted.  In  Table  lb,  for  instance,  R,  Q,  and  P,  respectively, 
mean  R26),  Q(27),  and  P( 28). 

b Av  = K„b.  — feKio  where  ee„ic  is  the  calculated  frequency  based  on  the  spectroscopic  constants  of 
the  A'!3*,  Aln,  and  B'Z*  states  reported  in  Ref.  (4). 

* q is  the  computed  Franck-Condon  factor  based  on  the  constants  reported  in  Ref.  (-/). 

J Ae'  is  the  residual  error  after  the  least-squares  treatment  of  the  perturbation. 

* Extra  lines  correspond  to  perturbation  allowed  transitions  into  levels  of  dominant  uJII  character. 
The  vibrational  quantum  numbers  shown  are  t's,  r".v;  the  actual  u’ll  vibrational  quantum  numlier  is 
r"j  — 3.  The  4 and  +4-  superscripts  refer  to  the  extra  lines  associated  with  the  nominal  it’ll,  and  a’ll, 
levels,  respectively. 

1 r of  main  line  minus  v of  extra  line. 

* Relative  intensity  of  the  extra  line  with  respect  to  the  main  line. 

b No  Franck-Condon  factors  were  calculated  for  the  5\Mg'*0  isotopic  species.  Value  listed  is  average 
of  values  computed  forMMg,,0  and  ”Mgl*0. 
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514.5-nm  excitation,  the  fluorescence  spectrum  shows  four  lines  which  are  separated 
from  the  laser  frequency  by  less  than  and  three  of  these  lines  are  to  the  red  of  the 
laser,  then  the  laser  excites  three  R lines  and  one  P line. 

3.  Fluorescence  progressions  originating  from  a common  (v'„,  J'„)  level  were  identi- 
fied by  similar  R(J'  — 1)  — P(J'  + 1)  separations. 

4.  If  it  were  jtossible  to  be  certain  that  the  bluest  member  of  a given  fluorescence 
progression  was  a transition  into  a r"  = 0 level,  then  it  would  be  possible  to  use  ob- 
served and  isotopically  corrected  B"u  values  for  a level  known  to  be  perturbation  free 
to  determine  J'u  from 

R(J'  - 1)  - P(7'  + 1)  = + 2)  - D" „(87'J  + 127"  + 127'  + 4).  (1) 

It  would  also  be  possible  to  obtain  v'B  from 

T\(B'2+)  + u’e(BV+)i\  - + v'„)  « T"0(A)  + vKQP,  (2) 

where  vRQP  is  the  average  wavenumber  of  the  R,Q,P  triplet  of  transitions  into  the 
t"  = 0 level.  Franck-Condon  factors,  calculated  using  constants  for  the  B‘S+  and  .I'll 
states  from  Ref.  (4),  indicate  that  fluorescence  into  .I'll  (v”A  = 0)  will  have  intensity 
at  least  5 % that  of  the  strongest  (tj,  v”a)  band  for  v u = 0-5,  Thus  the  R-P  separation 
in  the  shortest  wavelength  B-A  R,Q,P  triplet  determines  three  (J'n,  r'j})t,ini  assignments, 

TABLE  lb 

Fluorescence  Lines  Due  to  the  Coincidence  of  the  476.5-nm  Laser  Line  with  R (49) 
of  the  B- X (4,3)  Band  of  **MgO 


VJ| 

i ; :itl 


Band* 

■ 3 

'obs  , **'  , 

(c-'T)  (cn-1) 

ton"’] 

1 

C and  (cm"*) 

(4.2) 

R 

P 

21719.3  -1.9 
215:5.7  -2.3 

O.lWxlO'2 

R 19597.3 
(4,0)  C 19347.6 

P 19796.9 

(4.3) 

R 

P 

20931.0  0.9 

20259.7  0.7 

0.804x10"’ 

R 19252.1 

(4.1)  Q 19203.5 

(4.4) 

R 

P 

20257.3  8.9 

20151.6  12.8 

0.806  °;J 

P 19152.9 

R 18614.4 

(4.5) 

R 

19*39. 6 -38.4 

0.108  ®‘ 

(4,2)  0 18566.0 

P 

19355.3  -33.6 

P 18515.4 

(4.6) 

R 

P 

18799.5  -18.0 
18632.0  -17.4 

0.347xl0"2  "J-J 

R 17983.5 
(4.3)  0 17936.4 

P 17886.0 

Extra  lines* 

R 

Band 

obs.  . f 

Intensity9 

*Vd 

(4.4)  q 

P 

(cm’1)  vn  “v« 

(obs)  (calc) 

(cm’1) 

< 

20137.0  120.8 

0.09 

0.4 

R 16752.5 
R 16722.2 
(4,5)  Q 16699.1 

(4.4) 

P 

20036.1  115.5 

0.13  0.12 

0.3 

c 

20225.4  32.4 

0.17 

3.3 

P i 6655. 7 
P 16617.2 

P 

20120.4  31.2 

0.34  0.34 

-0.4 

(4.5) 

19553.3  -63.7 

19443.4  -64.1 

0.96  0.36 

0.84  0.64 

0.4 

0.1 

R 16141.5 
(4,6)  0 16092.6 
P 16045.9 

R 15539 .3  -7.6 

9 1*»92.1  -*».l 

P 15445.5  -7.5 


Note.  See  Table  la  footnotes. 
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• me  each  for  '-‘AlgO.  - MgO,  ami  -,;.MgO.  If  l he  ;".i  - (I  band  were  detected  but  with 
insufficient  intensity  for  ±1%  measurement  of  the  R-B  separation,  the  more  intense 

= 1 or  2 band  would  be  used. 

5.  Vibrational  assignments  were  confirmed  by  matching  the  intensity  variation 

within  an  observed  B .1  progression  against  relative  intensities  calculated  from 
qr-H,  A weak  or  missing  band  in  the  middle  of  a B A progression  was  a sensi- 

tive indicator  of  the  \'n  value  independent  of  isotope.  Counting  from  the  bluest  B-A 
band,  the  predicted  weakest  bands  originating  from  tH  = 1,  2,  3,  4,  5 were,  respectively, 
third  (1,2),  fifth  (2,4),  seventh  (3.6),  fifth  (4,4),  and  fourth  (5,3). 

6.  Once  a set  of  plausible  (i'n,  J'u)  assignments  was  obtained,  they  were  tested 
against  expected  B-A  and  B-X  fluorescence  spectra  calculated  using  constants  for 
-4MgO  determined  by  Lagerqvist  and  Uhler  (4)  for  v'n  = 0-2,  i"A  = 0-2,  and  v”x  = 0-2 
and  the  isotopic  formulas  (42) 


<*>c 

= pav, 

UW/' 

= p-Ur V„ 

BJ 

= P'P  O 

a.1' 

- pae, 

Dj 

= PJ/d,, 

Pe* 

= P'Pn 

P 

= (mM*- 

B-A  were  more  valuable  than  B-X  fluorescence  progressions  in  determining  final  rota- 
tion, vibration,  and  isotope  assignments  for  several  reasons.  Most  importantly,  because 


TABLE  Ic 

Fluorescence  Lines  Due  to  the  Coincidence  of  the  476.5-nm  Laser  Line  with  R( 70) 
of  the  B-X  (3,2)  Band  of  *MgO 


- -3 

cc 

;3.2) 

- 

• 

o.5>:a**"' 

3.3; 

? 

mV/ 

-0.3 

0.857 

°.2 

(3,«: 

t> 

P 

lHIZ.f 

1 * 2 ? 3 . 1 

-23.2 

0.327x1  :* 

1.0 

2.4 

i 

-.-3  Lirese 

Eand 

F'. 

f 

•"  * e 

Inters: 
(ob  s) 

. c 
-r 

'calc 

l‘M- 

79. € 

7*  .1 

0.r7 

O.Ttt 

r 

(3.3) 

P** 

v.v*.: 

20*2-.: 

-27.1 

.y . • 

n.r 

c.m 

-.24 

3t-5 

15:74.’ 
lj-”  . * 

-f  * . : 

0.65 

0.3? 

' 3* 

Card 

obs, 

(cm’1) 

R 

(3.0)  C 

P 

19303.0 

19235.0 
19163.9 

I7'.:  P.U0 

R 

(3,1)  0 

P 

18670.0 

18601.6 

18530.2 

I\5  0.203 

R 

(3.2)  Q 

P 

18041.6 

17975.8 

17905.9 

.\\\  0.366  x 

-2  2 

10° 

(cM> 

-1.2 

-0.9 

P. 

R 

(3,3)  q 
p 
p 

1744).  9 
17412.2 
17357.5 
173)1.0 
1726 -.2 

! 0.522  x 

10-' 

-1.0 

-1.2 

R 

(3,4)  Q 

P 

16^17.6 

16 746.  V 
15681.8 

-:‘.f  0.116 

X ale.  See  Table  la  footnotes. 
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i In-  rotational  and  vibrational  constants  for  the  B and  A"  states  are  much  more  similar 
than  tor  the  B and  .1  states,  longer  B-A  than  B- X progressions  were  observed.  This 
ensured  that  B A progressions  would  include  transitions  into  the  r.i  = 0-  2 levels  which 
are  known  to  be  free  of  jterturbations  and  are  well  represented  by  constants  from  Ref. 
(4>.  The  most  useful  information  for  isotopic  assignments  was  derived  from  B-A  bands 
with  large  |rB  — r , values,  since  these  bands  have  the  largest  isotope  shifts.  Although 
.l‘n  ~ .V'2:+  perturbations  were  observed,  these  perturbations  affected  only  B-A  R- 
and  /’-branch  lines;  the  Q lines  involve  ATI  levels  of  / Kronig  symmetry  (43)  while 
A'‘2'  levels  all  have  c symmetry  and,  in  the  absence  of  external  magnetic  or  electric 
fields  and  hyperfine  effects,  e ~ / perturbations  are  forbidden.  Comparison  of  observed 
and  calculated  perturbation  free  0-branch  lines  permitted  testing  of  plausible  assign- 
ments, guided  extrapolation  to  tu  > 2 bands,  and  enabled  detection  of  ATI  ~ .Y‘2+ 
perturbations  in  the  R and  P branches. 

The  coincidences  of  Ar+  laser  lines  with  MgO  /JIE+-A'I2+  transitions  are  listed  and 
discussed  in  the  following  paragraphs.  Assignments  of  all  observed  photoluminescence 
lines  in  the  B X,  B i/’II,  and  B A systems  excited  by  the  47b. 5-,  -5 oh. 5-.  and  514.5-nm 


TABLE  II 

Fluorescence  Lines  Due  to  the  Coincidence  of  the  496.5-nm  Laser  Line  with  R'i 6) 
of  the  B-X  (2,2)  Band  of  «MgO 


A 


obs, 

(c*  . 

V i 

qc 

(c--1) 

!2.:) 

R 

P 

21*37. ‘ 
21553.! 

-1.2 

-1.2 

0.251xl0'3 

.2.:) 

R 

P 

20330.: 
20793. r 

-0. 3 

0. 375x10'' 

i2.2) 

R 

P 

2C135.! 

20053.-: 

-0.2 

-0.6 

0.901 

!2,3) 

R 

P 

19400.: 

19319.1 

1.2 

0.606x10'’ 

2.6 

2.0 

:i.*) 

R 

P 

18675.2 

18595.2 

2.7 

2.6 

0.105X10'2 

1.1 

0.7 

B-A  Svs-.g- 


Band 

obs. 

(cm*1) 

■: 

R 

18221.2 

-1.5 

(7.0) 

18185.7 

-?.! 

*.2c5 

? 

13149.1 

P. 

17580.3 

-1.2 

(2.1) 

17545.2 

17508.6 

-r.  ? 

R 

16947.3 

(2.2) 

V 

16912.7 

0.161 

? 

16975.3 

-i!: 

R 

16321.2 

-1.7 

(2.3) 

0 

16285.4 

-1.4 

0.665H13"1 

P 

16250.6 

-1 . : 

(2.*) 

R 

0 

0.384*13*‘ 

P 

R 

15091 j 

-3.4 

(2.5) 

0 

15057.' 2 

-2.9 

0.454*10*' 

P 

15021.2 

-3.9 

R 

14502.4 

*'0.7 

R 

14482.2 

-?.5 

. 

f?.S) 

2 

14452.8 

-4. : 

0.997  * 10' 1 

F 

14429.9 

•7.0 

P 

14410.7 

-’2.2 

9 

13092.0 

-4.4 

i . 

O 

1 3857. 3 

. e ; 

O.ns 

f 

1 3823.* 

-4.' 

Xirlc.  See  Table  la  footnotes. 
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TABLE  Ilia 


Fluorescence  Lines  Due  to  the  Coincidence  of  the  514.5-nm  I.aset  Line  with  Pi  10) 
of  the  B-X  (4,5)  Band  of  5l.MgO 


"6 


EuA  Sys'.w. 


Sand' 

(c  :r»"‘; 

Ccr*1) 

«1C 

(cm" 

’) 

Band 

(erf 1 ) 

(cm"!) 

Q 

(4.2) 

R 

P 

21?:*.  5 
216:5.2 

o.; 

0.3 

0.179xl0"2 

(*.0) 

R 

Q 

19716.6 

19707.2 

0.8 

0.5 

0.45°xl0"1 

P 

19697.1 

0.5 

(4.3) 

R 

P 

2C922. 7 
209C - . > 

C.5 

0.9 

0. 804x10" 1 

2.0 

2.4 

R 

19059.9 

0.4 

(4.1) 

Q 

19051.2 

0.7 

0.232 

(4.4) 

R 

P 

201£:.7 

20162.2 

1.8 

2.2 

0.806 

1.0 

1.5 

P 

19041.2 

0.7 

R 

18411.2 

0.2 

. 

(4.5) 

R 

F 

19452.3 
19425. 9 

4.3 

4.6 

0.108 

-0.8 

-0.6 

(4.2) 

0 

P 

18402.2 

18392.5 

0.1 

0.3 

0.484x10"* 

(-4.fi) 

e 

18741.? 

17.5 

_2 

-2.3 

R 

17770.1 

-0.2 

9 

18721.4 

12.5 

0.347x10 

-1.9 

(4.3) 

Q 

17761.2 

-0.3 

0.120 

P 

17751.7 

-0.1 

Extra  lines 

p 

. -4 

(4.4) 

Q 

0.736x10  * 

obs 

_ f 

Intensity9 

.. .<J 

P 

-0.7 

Sand 

(cr** 

f*.  "e 

(obs) 

calc) 

(cm" 1 ) 

(4.5) 

R 

16510.8 

- - . -1 

0 

16502.3 

-1.6 

0.707x10 

(4.6) 

R* 

13675.5 

65.5 

0.28 

0.65 

0.1 

P 

16492.8 

-1.5 

P* 

l-t £6.4 

65.0 

— 

0.69 

0.5 

(4.6) 

R 

15892.6 

-2.7 

Q 

15884.3 

-2.5 

0.862x10"* 

P 

15874.4 

-2.8 

(4.7) 

R 

Q 

15281.7 

15273.5 

-4.3 

-4.0 

0.232.10"1 

P 

15264.2 

-3.9 

Vn/e.  See  Table  la  footnotes. 
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Fluorescence  Lines  Due  to  the  Coincidence  of  the  514.5-nm  Laser  Line  with  R{2 5) 
of  the  B-X  (3,4)  Band  of  MMgO 


ztii'.z 

-U.J 

0.1 

0.593x10" ; 

z: 155.3 
201:1.9 

1.0 

1.0 

0.853 

2.5 

2.4 

19425.9 

19373.9 

1.5 

2.1 

0.850X10"1 

0.8 

1.3 

18711.4 

1:656.4 

2.6 

3.6 

0.211xl0‘2 

-2.0 

-1.4 

(3,0) 

0 

18921.4 

-0.3 

0.144 

p 

18394.6 

0.1 

R 

183*2.6 

0.3 

(3.1) 

Q 

18277.2 

0.0 

0.193 

P 

18250.7 

-0.5 

R 

17665.4 

-0.8 

(3.2) 

Q 

17641.1 

-0.3 

0.406x10* 

P 

17614.6 

-1.0 

R 

17036.7 

-0.9 

(3.3) 

Q 

17011.8 

-1.2 

0.477x10* 

p 

16986.6 

-0.9 

R 

16414.9 

-1.7 

(3.4) 

0 

16390.7 

-1.5 

0.116 

p 

16365.5 

-1.5 

R 

15800.2 

-2.5 

(3,5) 

0 

15776.5 

-2.6 

0.427x10* 

P 

15751.3 

-2.7 

iVo/r.  See  Table  la  footnotes. 
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TABLE  111. 

Fluorescence  I.ines  Due  to  the  Coincidence  of  the  514.5-nni  I.aser  Line  with  HI >0) 
of  the  B-X  1 2,3i  Band  of  *'MgO 


b-x_ 

System 

t-A  Sys  ter 

b 

5a  rda 

obs, 

(cm'1) 

(cr - ' : 

1 

BaM 

‘obs , 

(cm’1) 

(crT1) 

9 

(2.1  > 

D 

20907.9 

20795.1 

-1.3 

-0.5 

0.370x10'' 

R 

(2.C)  0 

18331.6 

18282.5 

-1.5 

-0.4 

0.284 

P 

18230. £ 

-1.5 

(2,2) 

V. 

? 

20163.2 

20050.5 

-0.2 

-0.4 

C.902 

R 

17693.3 

0.2 

(2.1)  0 

17643.2 

-0.2 

0.220*10  1 

P 

19429 .9 
1)318.7 

2.1 

2.4 

■'.598x10'' 

P 

17590.7 

-2.6 

R 

17059.1 

-1.7 

12.2)  Q 

17010.1 

-1.5 

0.162 

r 

16960.1 

-1.8 

R 

16433.2 

-3.0 

0.617x10'' 

(2.3)  Q 

16386.0 

•1.4 

P 

16335.7 

-2.5 

Xoh:.  See  Table  la  footnotes. 


Ar+  lines  are  summarized,  respectively,  in  Tables  Ja-Ic,  IT,  and  Ilfa-IIId: 


476.5  nm 

excites 

24.MgieO 

B-X 

(5,4) 

*(26) 

24Mg,sO 

B-X 

(4,3) 

*(49) 

24Mg1K0 

B-X 

(3,2) 

*(70) 

496.5  nm 

excites 

2".Mg‘"0 

B-X 

(2,2) 

*(36) 

514.5  nm 

excites 

24MgIfiO 

B-X 

(4,5) 

*(10) 

2,.Mg'Y) 

B-X 

(3,4) 

*(25) 

-;'-Mg"0 

B-X 

(2,3) 

*(50) 

24Mg'T) 

B-X 

(1,2) 

*(70) 

The  476.5-nm  line  coincides  with  three  Ar  = +1  MgO  B-X  transitions.  All  three 
assigned  excitations  involve  the  most  abundant  24Mg,fiO  isotopic  species. 


TABLE  I ltd 

Fluorescence  Lines  Due  to  the  Coincidence  of  the  514.5-nm  Laser  Line  with  R(70t 
of  the  B-X  (1.2;  Band  of  "MgO 


B-X  System  B-A  System 


Elia* 

(»>) 

Cv6 

(cm'1) 

9e 

Band 

vobs. 

(cm'1) 

A\> 

(cm'') 

9 

(1,0) 

R 

? 

20915.7 

20756.2 

-1.9 

-1.5 

0.172XI0'1 

(1.0) 

R 

Q 

17751.3 

17682.6 

-2.3 

-1.2 

0.338 

P 

17611.9 

-1.2 

(1.1) 

R 

P 

20167.7 

20009.5 

-0.6 

-0.3 

0.915 

R 

17117.9 

-1.8 

(1.1) 

0 

17050.2 

-0.4 

0.916X10"1 

n.« 

R 

P 

19429.3 

19273.4 

n.o 

1.1 

0.371x10'' 

p 

16978.5 

-2.0 

Sole.  See  Table  la  footnotes. 
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The  4%.5-nm  line  almost  exclusively  excites  the  less  abundant  ) isotopic 

species.  This  excitation  involves  larger  Franck-Condon  (^jv  = 0.90)  and  Boltzmann 
lower  level  population  factors  than  the  three  transitions  excited  by  the  476.5-nm  line. 
Consequently  fluorescence  is  strong  despite  the  1 7 abundance  of  !‘.MgO  relative  to 
-'MgO.  This  isotopically  selective  excitation  of  "MgO  may  be  of  value  in  laser  separation 
of  Mg  isotopes. 

The  514.5-nm  line  excites  four  assignable  transitions  in  the  B- X Ar  = —1  sequence. 
Three  different  isotopic  species  are  excited. 

Other  Ar+  laser  lines,  including  488.0  nm,  produced  detectable  photolumincscence 
which  was  too  weak  to  be  assigned. 

Once  the  specific  B-X  transitions  excited  by  the  laser  were  assigned,  it  was  possible 
to  examine  closely  all  of  the  photoluminescence  spectra  for  perturbations  and  inter- 
combination transitions.  The  wavenumbers  of  all  observed  fluorescence  lines  are  com- 
pared against  calculated  values  in  Tables  I— III.  Two  kinds  of  deviations  are  observed. 
The  first  is  a smooth  function  of  v"  and  is  more  apparent  in  the  B-A  system.  These 
deviations  are  extrapolation  errors  which  arise  from  the  use  of  spectroscopic  constants 
derived  from  r = 0-2  levels  in  order  to  calculate  transition  frequencies  involving  higher 
t levels.  The  second  sort  of  deviation,  which  is  quite  apparent  in  the  B-X  system,  is 
larger,  irregular,  and  results  from  perturbations.  In  the  B-A  system,  extrapolation 
errors  and  perturbation  effects  are  separable  because  ()-branch  transitions  are  not 
affected  by  perturbations.  A model  X'Z  ~ a’H  perturbation  calculation  described  in 
Section  III.D.3  accounts  for  the  observed  deviations  and  extra  lines  in  the  B-X  fluo- 
rescence. In  Tables  I— 1 1 1,  observed  minus  calculated  values,  listed  as  Av  and  A/,  re- 
spectively, exclude  and  include  the  calculated  effects  of  A"  ~ a perturbations.  Xo  at- 
tempt was  made  to  include  effects  of  A ~ X perturbations. 


B.  Determination  oj  the  Ratio  of  Electronic  Transition  Dipole  Moments 
For  the  MgO  B-X  and  B-A  Systems 

As  shown  in  Fig.  1,  fluorescence  lines  in  the  B-X  (5,6)  and  (4,5)  bands  and  the 
B-A  (5,2)  and  (4,1)  bands  excited  by  the  476.5-nm  Ar*  line  all  fall  into  a narrow  wave- 
length region  and  have  comparable  intensities.  The  B-X  (5,6)  and  B-A  (5,2)  bands 
originate  from  a common  rovibronic  level  (v'n  = 5,  J'n  = 27).  The  B-X  (4,5)  and 
B-A  (4,1)  bands  originate  from  (v'u  = 4,  J’u  = 50).  Because  these  fluorescence  lines 
fall  into  such  a narrow  wavelength  region,  accurate  measurements  of  their  relative 
intensities  do  not  require  calibration  of  the  wavelength  response  of  the  optical  train, 
monochromator,  and  photomultiplier.  We  assume  that  in  this  region  the  instrumental 
response  is  constant  and  that  the  recorded  peak  heights  are  proportional  to  the  number 
of  photons  per  second  emitted  rather  than  to  energy  per  second.  Polarization  effects  are 
neglected. 

The  probability  of  spontaneous  emission  from  a particular  level  (;■'*,  J’n)  of  the 
B'X+  state  to  (r"A-,  J"x)  of  the  A'*2+  state  is 

P nx  = k I R. w 1 1 (■*) 


« 


where  k is  a proportionality  constant,  vnx  is  the  frequency,  q is  the  Franck-Condon 
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factor,  RtBX  is  the  electronic  transition  moment,  and  5 is  the  rotational  line  strength. 
A similar  expression  can  be  written  for  a transition  from  the  same  level  of  the  B state  to 
a level  (v"A,  J"A ) of  the  A state 

Blit  = * 1 *.»■  1 . (5) 

where  the  proportionality  constant  is  identical  to  that  in  Eq.  (4).  Rotational  line 
strength  factors  used  are  {44) 


Line 

s¥j" 

eSII, 

brj" 

RU) 

J + 1 

J/2 

Q(J) 

0 

(2/  + l)/2. 

HJ) 

J 

(/  + 0/2. 

If  the  intensities  of  the  B-X  (5,6)  and  B-A  (5,2)  lines  arising  from  (i'b  = 5,  J’B  = 27) 
are  compared,  the  following  relation  is  obtained : 

I uiyi  89.0  ?Ib|2?o*‘v!iC*'«.v1W5'3V"2«  + *'flx,(2>)Sj^is3  ^ 

/uii  ~ 67.5  ~ q?$ ! R.BA  | -ivn.AR)Sb%  + vDAHQ)Sh%  + pBAKR)S^nl  * 

The  B-X  (5,6)  band  is  strongly  perturbed  and  the  resulting  extra  lines  have  significant 
intensities  which  are  therefore  summed  with  the  main  line  intensities.  From  Eq.  (7) 

R.BX/RtBA  = 1.4  ± 0.1.  (8) 


520  510 

WAVELENGTH  dim) 


I'ig.  1.  Region  of  photoluminescence  spectrum  from  which  the  ratio  of  B-X  and  B-A  transition 
moments  is  obtained.  Lines  marked  5-6  and  5-2  are,  respectively,  B-X  and  B-A  transitions  originating 
from  /?'!'*  (eg  = 5,  Jr  = 27).  Lines  marked  4-5  and  4-1  are  B-X  and  B-A  transitions  originating  from 
(r B = 4 , J«  = 50).  The  two  pairs  of  bands  are  excited  by  the  Ar+  476.5-nm  line.  Extra  lines  due  to 
X‘Z  — a ll  perturbations  are  labeled  P*  and  R*. 
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Comparison  of  the  B-X  (4,5)  and  B-A  (4,1)  line  intensities  gives 

/„'LV  _ 41.4 
/ota  50.0 

and 

R.BX  R'BA  = 1.3  ± 0.1. 


W 

(10) 


The  relevant  -’Olg'D  Franck-Condon  factors  and  R centroids  are 


?.v< 

R,:- 

B-X  (5,6) 

0.1347 

1.530  A 

B-A  (5,2) 

0.2054 

1.954 

B-A'  (4, 5) 

0.1081 

1.507 

B-A  (4, 1) 

0.2317 

1.943. 

Note  that,  in  the  /2-centroid  approximation,  the  observed  ratios  of  R,  values  sample 
R,BA  and  ReBX  at  considerably  different  values  of  internuclear  separation.  This  ratio 
of  transition  moments  should  be  compared  against  the  ab  initio  {26)  ratio  of 

rbx/rha  = j.i3t 

where  both  transition  moments  were  calculated  at  an  internuclear  separation  of  1.74  A. 

A measurement  of  RtBX/R,da  = 0.83  has  recently  been  reported  {20).  ReJ°  refers  to 
the  <PA-a3Il  transition.  The  measured  ratio  agrees  well  with  the  ratio  of  ab  initio  values, 
0.86  {26). 

C.  The  MgO  5'2+-.l‘n  Excitation  Spectrum 


The  MgO  red  system  overlaps  the  570-620-nm  tuning  range  of  a cw  Rhodamine  6G 
dye  laser  {41).  The  strongest  bands  in  this  region  were  expected  to  be  B-A  (1,0)  *i,o 
= 17  314.85  cm-1,  qi,o  = 0.338,  and  fi-.l  (0,0)  vtt,«  = 16  500.29  cm-1,  q<,. » — 0.180. 
It  was  hoped,  however,  that  a significant  population  of  MgO  o’ll  might  be  formed  in 
the  Mg  + X..0  reaction  and  that  transitions  involving  this  state  might  appear  in  the 
excitation  spectrum. 

The  only  bands  observed  in  the  excitation  spectrum  were  B-A  (1,0)  and  (0,0).  The 
B-A  (2,1)  and  (1,1)  bands  were  undetectable,  probably  because  of  a smaller  population 
in  tu  = 1 combined  with  Franck-Condon  factors,  respectively,  14  and  4 times  smaller 
than  that  for  the  (1,0)  band.  Predicted  triplet  transitions  {24,  25)  fell  outside  the  tuning 
range  of  our  laser,  but  the  B'2+-a3 Hi  (0,0)  intercombination  band  was  expected  to 
occur  near  17  440  cm-1.  However,  the  estimated  oscillator  strength  of  this  transition, 

f«Bo“'  = 9n.o-"[.V(£'n0  - £> n°)J  = 0.180  (64/940)’, 


was  400  fold  weaker  than  the  B-A  (1,0)  band. 

The  B-A  (1,0)  and  (0,0)  bands  in  the  excitation  spectrum  were  examined  using  a 
single  longitudinal  mode  dye  laser.  The  laser  was  tuned  to  a feature  in  the  B-A  spectrum 
and  the  resultant  B-X  Av  = 0 photoluminescence  spectrum  was  recorded.  R{J  — 1)- 
P{J  + 1)  separations  permitted  identification  of  the  J'n  level  excited.  The  dye  laser 
was  then  tuned  to  the  next  line  while  the  laser  frequency  was  monitored  by  a s[>cctrum 
analyzer  with  a 3-GHz  free  spectral  range.  In  this  way  absolute  J'b  assignments  and 


| 
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frequency  separations  accurate  to  0.015  cm-1  for  several  features  in  the  excitation  spec- 
trum were  obtained.  The  line  assignments  and  rotational  constants  for  the  MgO  H'Z 
and  .I'll  states  were  in  complete  agreement  with  the  more  extensive  study  of  the  B-A 
system  by  Lagerqvist  and  I'hler  (V). 

It  is  interesting  that  it  was  possible  to  excite  detectable  photoluminesccnce  from  a 
lower  level  3500  cirr:  alwve  A''2  r.v  = 0.  Similar  1 -10-Torr  metal  plus  oxidant  flames 
have  been  found  to  be  characterized  by  vibrational  temperatures  on  the  order  of  500  K. 
At  that  tem[>erature  the  jxipulation  ratio  would  be 

A’^-o/  V.x-o  = 4 X 10~*. 


The  .4 'll  tvi  = 0 level  lies  just  above  .Y'J  r.v  = 4,  and  Ar+  laser  excitation  out  of  r.v  = 4 
was  also  observed. 

Recently  Benard  el  al.  (22)  observed  dramatic  enhancement  of  A'lIl-XlS  chemi- 
luminescence and  the  appearance  of  (/’A-a’II  chemiluminescence  when  CO  was  added 
to  alkaline  earth-nitrous  oxide  flames.  It  would  be  interesting  to  observe  the  effect  of 
CO  on  the  MgO  excitation  spectrum,  in  particular  whether  the  population  of  a*n  is 
increased  sufficientlv  that  B-a  intercombination  bands  become  detectable. 


J).  Analysis  of  Perturbations  of  MgO  A'“2+  by  a5 If,  and  .I'll 

1.  Revim  of  Electronic  Structure  and  Perturbations  in  Alkaline  Earth  Monoxides 

Analysis  of  perturbations  normally  provides  fragmentary  information  about  perturb- 
ing states.  This  information  is  often  insufficient  to  yield  a deductive  electronic  assign- 
ment in  the  absence  of  prior  information.  However,  once  a plausible  and  self-consistent 
assignment  which  accounts  for  all  perturbation  effects  is  obtained,  it  is  possible  for  the 
experimental  observations  of  perturbations  to  stand  free  of  support  from  ab  initio  and 
semiempirical  calculations.  Although  guided  in  its  initial  stages  by  theoretical  considera- 
tions, a perturbation  analysis  is  an  experimental  determination  of  the  electronic  sym- 
metry, absolute  vibrational  numbering,  and  sj>ectroscopic  constants  of  the  perturbing 
state. 

Tables  I— III  show  numerous  level  shifts  and  intensity  anomalies  characteristic  of 
perturbations.  The  A"1-*  state  is  most  significantly  perturbed  in  the  x"x  4-6  levels. 
The  .I'll  state  shows  somewhat  smaller  and  more  localized  e-parity-only  perturbations. 
The  low-lying  electronic  states  responsible  for  these  perturbations  are  suggested  by  a 
summary  of  the  known  perturbations  and  low-lying  states  of  isoelectronic  molecules. 

The  expected  low-lving  states  of  MgO  derive  from  the  following  configurations 
(23-25): 

(6<rT-(2*Y  '2+  (I) ; I 

(6a)*  (2t)‘  (7*)  ‘IT.  (I),  ‘n  (I);  II 

(6<r)  (2r)«(7<r)  ‘2+ (I), '2+ (II).  Ill 

Since  the  Mg('5)  + O (*P)  ground  state  atoms  combine  adiabatically  to  form  MgO  ‘II 
or  :‘2~,  and  since  the 

<r/*vjre!  b1 2j~ 
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state  is  known  and  low  lying  in  the  isovalent  C\  molecule,  Brewer  (45)  has  argued  that 
it  will  also  be  necessary  to  consider  configurations  such  as 

(boY-  (It)-  (3r)!  32~,  'A,  ‘2+,  IV 

(6a)*  (2r)3  (3t)  >■*&*,  A).  V 

The  observed  energies  of  the  MgO  C''2+  (14),  D' A (14),  and  iFA  (20  -22)  states  derived 
from  configuration  V are  accurately  predicted  by  ab  initio  calculations  by  Schamps  and 
Lefebvre-Brion  (24).  The  remaining  states  will  occur  at  energies  much  too  high  to 
perturb  the  observed  levels  of  ATI  and  .Y'2+.  Configuration  IV  is  only  superficially 
analogous  to  the  Cj  off***,*  configuration.  Bonding  in  C2  is  covalent  but  in  MgO  is 
primarily  ionic ; in  MgO  only  repulsive  states  arise  when  two  electrons  are  transferred 
from  the  2t  (2pc>ir)  into  the  3ir  (ipu^r)  orbital. 

The  only  plausible  candidates  for  the  „Y'2+  perturbations  are  3n,  (I),  'II  (I),  and  32+ 
(I).  The  32+  (I)  state  can  be  immediately  ruled  out  because  spin-orbit  perturbations 
between  '2+  and  32+  states  are  forbidden  in  first  order  (one  of  the  states  must  first  be 
mixed  with  a II  or  32~  state  for  perturbations  to  be  observable).  Since  the  A ‘II  state  is 
well  known  and  its  extrapolated  energy  levels  do  not  match  the  positions  of  most  of  the 
large  .Y'2+  perturbations,  these  perturbations  must  be  due  to  the  3II;  (I)  state. 

Ab  initio  calculations  (24)  indicate  that  the  3n,  (I)  state  must  be  an  inverted  state 
and  that  it  must  lie  below  .471.  The  31T  state  is  inverted  because  the  open  shell  It  orbital 
lies  primarily  on  oxygen,  in  contrast  to  the  situation  for  the  BeF  and  MgF  A- IT  states, 
for  which  the  regular  or  inverted  character  was  until  recently  in  doubt  (46,  47),  where 
the  r orbital  is  centered  primarily  on  the  metal.  Brewer  (45 ) has  suggested  that  the 
energy  separation  between  3n  (I)  and  'II  (I)  for  the  alkaline  earth  monoxides  will  be 
large,  comparable  to  the  7675-cm-1  separation  observed  between  the  /ITT,,  and  a3II„ 
states  of  C5  (32).  Ab  initio  calculations  on  BeO  (28,  29)  and  MgO  (24,  25)  and  the 
results  of  analyses  of  perturbations  in  CaO,  SrO,  and  BaO  (27)  indicate  that  Brewer’s 
estimate  is  much  too  large.  The  7I-3II  splitting  arises  from  two  sources,  an  exchange 
integral  involving  the  2ir  and  7 a orbitals  and  differential  pair  correlation,  both  of  which 
are  unusually  small  for  the  highly  ionic  MgO  molecule.  The  exchange  integral  is  small 
because  the  2r  and  7 o orbitals  are  centered,  respectively,  on  o.xvgen  and  magnesium. 
The  pair  correlation  energy  for  the  3II  and  ‘IT  states  is  small  and  similar  because  the 
electrons  in  the  2ir  and  7a  orbitals  are  widely  separated.  In  this  special  case,  simple  SC'F 
calculations  should  give  reliable  estimates  of  ‘IT— 3IT  splittings. 

The  best  estimate  of  the  7I-3II  splitting  indicates  that  A’’2+  ~ a3n,  perturbations 
should  be  observable  in  the  .Y‘2+  vx  = 3 level.  Such  a perturbation  was,  in  fact,  ob- 
served. It  is  ironic  that  the  only  vibrational  levels  of  the  MgO  .Y'2+  state  for  which  a 
rotational  analysis  has  been  reported  (4)  are  rx  = 0-2. 

The  only  plausible  candidates  for  the  A' II  perturbations  are  .Y'2+,  a3II„  and  32+  (I). 
The  a}n  possibility  can  be  immediately  ruled  out  because  perturbations  affect  only  the 
e-parity  levels;  3II  ~ ’IT  perturbations  would  involve  both  e and  / levels  at  the  same 
J value.  All  of  the  observed  deviations  occur  near  J values  where  extrapolated  levels  of 
-Y'2+  are  nearly  degenerate  with  those  of  .171.  These  j>erturbations  ,vill  l>e  discussed 
further  in  Section  III.D.6. 
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Numerous  perturbations  involving  the  .-I'll  and  as II,  states  of  isovalent  molecules 
have  been  observed.  Following  is  a summary  of  the  analyses  of  these  perturbations: 


JII 

(D- 

1V+ 

(I) 

MgO; 

*n 

(D~ 

12+ 

(ID 

BeO 

(28, 

48),  CaO 
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A comprehensive  discussion  of  these  types  of  perturbations  and  the  methods  used  for 
obtaining  electronic  and  vibrational  assignments  from  the  analysis  of  perturbations  is 
contained  in  Ref.  {27).  The  magnitudes  of  MgO  perturbations  are  compared  to  those  of 
isovalent  molecules  in  Section  IV. 

2.  Assignment  of  Perturbed.  Bl2+-A"12+  and  £'2+-a3II,  Photoluminescence  Lines 

The  laser  induced  photoluminescence  spectrum,  although  it  contains  emission  from 
several  (r'B,  J'B)  levels,  overlapping  vibrational  progressions  from  the  B- A and  B-X 
systems,  and  several  highly  perturbed  transitions  sometimes  accompanied  by  one  or 
two  “extra  lines,”  is  much  less  complex  than  an  ordinary  emission  spectrum.  The  rela- 
tive simplicity  of  the  laser  spectrum  would  seem  to  suggest  that  it  contains  less  infor- 
mation. For  purposes  of  detection  and  analysis  of  relatively  strong  perturbations,  there 
are  two  reasons  to  the  contrary:  unambiguous  assignment  and  dynamic  range.  Much 
of  the  information  in  an  ordinary  emission  spectrum  is  redundant,  its  value  being  solely 
that  of  confirming  the  assignments  of  important  lines.  In  a laser  photoluminescence 
spectrum,  as  described  in  Section  III. A,  a few  of  the  well-behaved  transitions  are  utilized 
to  determine  absolutely  the  isotopic  species,  term  energy,  and  rotation-vibration  assign- 
ment of  the  upper  level  (s)  from  which  fluorescence  originates.  The  perturbed  lines, 
diminished  in  intensity  and  shifted  from  their  expected  frequencies,  are  easily  lost 
amidst  a complex  emission  spectrum,  yet  are  easily  located  in  a much  sparser  laser 
spectrum.  The  most  valuable  sources  of  information  about  the  perturbing  state,  the 
so-called  “extra  lines”  which  are  normally  forbidden  transitions  made  observable  by 
perturbation  mixing  of  the  basis  functions  associated  with  the  perturbed  and  perturbing 
levels,  are  often  so  weak  that  they  could  never  be  detected  in  a photographically  recorded 
emission  spectrum  even  if  their  exact  frequencies  were  known.  The  relative  sparsity  of 
lines  in  a laser  spectrum  decreases  the  probability  that  a much  stronger  line  will  occur 
unresolvably  near  an  extra  line.  The  large  dynamic  range  of  photoelectric  detection, 
combined  with  the  possibility  of  widening  slits  for  lower  resolution  but  higher  sensitivity, 
maximizes  the  possibility  of  detecting  extremely  weak  extra  lines. 

In  cases  where  the  laser  populates  simultaneously  more  than  one  (t'B,  J'u)  level  and 
where  perturbations  distort  the  expected  R{J  — 1 )-P{J  + 1)  separations  and  intensity 
relationships  by  which  fluorescence  lines  would  normally  be  assigned,  all  transitions 
associated  with  a common  (v'B,  J'B)  upper  level  are  identified  by  causing  the  Ar+  laser 
to  oscillate  on  a single  longitudinal  mode.  Insertion  of  an  air-spaced  ctalon  inside  the 
cavity  of  the  Ar+  laser  narrows  the  spectral  width  of  the  output  beam  from  0.3  cm-1  to 
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much  less  than  the  0.02  cm-1  Doppler  half-width  of  the  MgO  transitions.  The  laser  may 
be  tuned  0.2  cm-1  by  changing  the  length  of  the  etalon.  Provided  that  the  B~ X tran- 
sitions excited  simultaneously  by  the  broad  band  laser  do  not  have  completely  over- 
lapping Doppler  profiles,  the  intensity  of  fluorescence  features  originating  from  different 
|r'*.  J'u)  levels  will  vary  separately  as  the  narrow  bandwidth  laser  is  tuned.  The  in- 
tensities of  all  of  the  lines,  regardless  of  whether  they  are  perturbed  or  extra  lines, 
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WAVELENGTH  (nm) 

Fig.  2.  B'Z-X'-  Ac  -=  —1  phololuminescence  excited  by  the  476  .5-tim  line  of  a single  mode  Ar+ 
laser.  J.ines  marked  by  dotted  lines  on  the  nrst,  second,  and  third  spectra  are  main  and  extra  lilies  of, 
reflectively,  the  B X.  5-6,  4-5.  and  5-4  liands.  The  numlier  to  the  left  of  each  spectrum  is  a relative 
indication  of  the  laser  frequency  as  the  laser  is  tuned  across  its  O.-’-cnr1  gain  width.  Note  that  the  in- 
tensity ratios  of  the  four  lines  associated  with  each  band  do  not  vary  as  the  laser  is  tuned. 
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originating  from  a common  (r*,  J'u)  level  are  maximized  or  minimized  at  the  same 
etalon  setting. 

The  476.5-nm  Ar+  line  excites  three  transitions.  The  B-X  (5,4)  R( 26)  and  (4,3)  R( 49) 
lines  partially  overlap  so  that  one  cannot  be  excited  completely  separately  from  the  other. 
However,  the  relative  intensities  of  the  two  excitations  can  be  varied.  Fluorescence 
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ITi!.  3.  B‘ i’-.V—  Jr  — 0 photoluminescencc  excited  by  the  476.5-iim  line  of  a single  mode  Ar 1 laser. 
I.ines  marked  by  dotted  lines  of  the  first,  second,  and  sixth  s(>cclra  are  main  and  extra  lines  of,  respec- 
tively, the  B-X  5-5,  4—4,  and  3-3  bands.  Each  main  line  is  accompanied  by  two  extra  lines. 
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spectra  of  the  B-X  A:  = — 1 region  recorded  at  various  elalon  settings  are  shown  in 
Fig.  2.  At  the  left  of  the  figure  are  numbers  representing  the  number  of  rotations  of  a 
knob  which  controls  the  etalon  spacing.  About  six  rotations  are  required  to  tune  the 
laser  across  its  gain  profile.  Spectra  of  the  B-X  At'  = 0 region  are  shown  in  Fig.  3. 
Figures  2 and  3 are  included  because  they  show  that  the  relative  intensities  of  the  three 
coincident  476.5-nm  excitations  can  l>e  controlled  and  because  they  show  the  most 
strongly  perturbed  bands,  particularly  those  in  which  most  of  the  extra  lines  were 
detected. 

In  Fig.  2,  six  extra  lines  are  evident,  one  for  each  of  the  six  B-X  (5,6)  A (26)  and 
A(28),  (4,5)  A (49)  and  A(51),  and  (3,4)  A(70),  and  P{ 72)  main  lines.  Each  extra  line 
has  a ratio  of  intensity  to  the  main  line  which  is  invariant  as  the  etalon  is  tuned.  In 
Fig.  3,  each  of  the  six  B-X  (5,5)  (4,4),  and  (3,3)  main  lines  is  accompanied  by  two 
extra  lines.  A total  of  18  extra  lines  are  assigned  from  fluorescence  excited  by  the  476.5- 
nm  line.  Two  additional  extra  lines  accompany  the  B-X  (4,6)  A(8)  and  P(10)  lines 
excited  by  the  514.5-nm  line.  Several  unassigned  peaks  are  evident  in  Figs.  2 and  3. 
None  of  these  lines  have  a fixed  intensity  ratio  to  any  of  the  assigned  lines  and  are  due 
to  other  coincidences  of  Ar+  lines  with  MgO  transitions  which  were  unassignably  weak. 

The  extra  lines  are  listed  in  Tables  I— III.  Also  included  are  observed  intensities  rela- 
tive to  the  main  lines  and  frequency  separations  from  the  main  lines.  One-half  of  this 


I'to.  4.  Summary  of  the  .V'J  ' ^ it’ll,  perturbations.  Heavy  ami  light  lines  correspond,  respectively, 
to  the  term  energies  of  .Y'S  r.v  « 3-6  and  a'rts.i.j  ;■«  = 0-3.  Each  coincidence  of  an  Ar*  laser  line  with 
a !,Mg‘*0  B-X  transition  samples  two  J"  levels  for  each  of  several  .Y'21  and  ii’II  vibrational  levels.  Ob- 
served energy  levels  are  represented  by  solid  circles,  and  vertical  lines  group  levels  belonging  to  the  same 
J value. 
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frequency  difference.  provides  a useful  up|>cr  limit  to  1 hr  interaction 

matrix  element  lie  tween  the  (>erturbed  and  perturbing  states.  When  two  extra  lines 
are  observed,  the  one  at  lower  frequency  (corresponding  to  the  perturbing  level  with  the 
higher  term  energy)  is  designated  R~  or  P+,  and  the  one  at  higher  frequency  by  R**  or 
P~+. 

Since  transitions  from  H' 2+  into  the  perturbing  state  are  forbidden,  extra  lines  are 
always  less  intense  than  the  main  line  with  the  same  J"  value.  The  sum  of  intensities 
of  main  and  extra  lines  for  the  same  J " is  equal  to  the  unperturbed  intensity,  thus  the 
intensity  sum  for  R(J'  — 1)  lines  should  be  similar  to  that  for  P(J’  -f  1)  lines.  The  J" 
assignment  of  the  perturbing  level  is  obtained  from  the  AT  = 0 perturbation  selection 
rule  and  from  the  fact  that  the  P(J’  +1)  line  is  always  to  the  red  of  the  R{J'  — 1)  line. 

The  information  derived  from  the  rotationally  assigned  perturbed  main  and  extra 
lines  is  displayed  in  Fig.  4.  The  term  energy,  T",j,  associated  with  the  lower  level  of 
each  line  is  plotted  vs  J{J  + 1).  Neglecting  centrifugal  distortion  and  perturbation 
effects,  term  values  associated  with  a given  vibrational  level  should  fall  on  a straight 
line  with  slope  B”,  and  intercept  T",  .where  B and  T are,  respectively,  the  rotational 
constant  and  rotationless  term  energy.  The  term  energy  is  given  by 


F r/  Tf  jp  j x ~f~  VLwrr  */FluoFwwence-  (17) 

Note  that  each  (;'«,  J'h)  level  populated  by  the  Ar+  laser  gives  rise  to  fluorescence  lines 
which  determine  the  energy  of  the  J'b  -fc  1 levels  of  several  vibrational  levels  of  the  X 
and  perturbing  states.  The  crossing  diagram  shown  in  Fig.  4 permits  the  observed  extra 
lines  to  lie  grouped  into  common  vibrational  levels  of  the  perturber.  Each  vibrational 
level  is  sampled  at  several  widely  separated  J values.  Thus,  even  though  each  measured 
frequency  is  only  accurate  to  0.5  cm-1,  the  J(J  + 1)  rotational  dependence  provides  a 
large  lever  arm  which  permits  determination  of  rather  accurate  B values. 

Figure  4 provides  a relative  but  not  absolute  vibrational  numbering  and  useful  first 
approximation  values  for  the  vibrational  and  rotational  constants  of  the  perturbing 
state.  It  also  permits  prediction  of  other  (r.v,  Jx)  values  at  which  large  perturbations 
should  be  observable. 

An  absolute  vibrational  numbering  is  suggested  by  the  fact  that  extra  lines  are  ob- 
served for  perturbations  of  the  .Y‘2  r.v  = 3 level  but  that  the  r = 0,  1,  and  2 levels 
were  observed  (J,  4)  to  be  perturbation  free  through  J values  as  high  as  J — 130,  120, 
and  90,  respectively.  If  a vibrational  level  of  the  perturbing  state  exists  below  that  re- 
sponsible for  the  perturbation  of  the  r.v  = 3 level,  its  energy  and  rotational  constant 

rpor  t = 2300  cm'1  (++  level), 

Bpc rt  = 0.508  cm-1, 


compared  to  those  of  the  r.v  = 2 level 

Ti  = 1930  cm'1, 

Bi  — 0.5618  cm-1, 

using 

7V„  — Tj  = {B,  - Bp„t)J»(/°  + 1)  (13) 

require  that  the  perturbing  level  would  become  degenerate  with  r.v  = 2 near  Jx  = 83 
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( + + level ' and  J \ — *H»  (+  level!.  The  absence  of  any  perturbation  in  rv  = 2 through 
./ v - (X)  suggests  that  the  level  resjxmsible  for  the  r.v  = 3 )>erturbation  is  in  fact  r = 0. 
Confirming  evidence  for  this  assignment  is  presented  in  Section  1II.D.4. 

The  tirst  approximation  vibrational  and  rotational  constants  of  the  perturbing  state 
obtained  from  Fig.  4 resemble  those  of  the  .1  state.  Ab  initio  constants  for  the  ‘II  (I) 
and  ’ll,  (1)  states  are  nearly  identical  (23-25).  Assuming  that  the  r = 0 level  in  fact 
perturbs  r.v  = 3,  then  the  r = 0 perturber  lies  approximately  950  cnr’  below  A‘II 
r.v  = 0,  in  good  agreement  with  the  1200  cm-1  ‘II  (I) -’ll,  (1)  splitting  calculated  by 
Schamps  and  Lefcbvrc-Brion  (24).  The  — »<cx,ra  values  and  relative  intensities 
for  the  + and  -f-f  perturbations  indicate  that  the  + perturbations  involve  a larger 
interaction  matrix  element.  The  matrix  elements  for  perturbations  of  a *2+  state  by  an 
intermediate  Hund’s  case  “a-b”  ’ll  state  are  largest  for  the  nominal  ’Ho  substate,  small 
and  J dependent  for  ’Hi,  and  very  small  and  usually  undetectable  except  at  high  7 
values  for  ’IT™.  This  means  that  + extra  lines  are  due  to  ’IIo  and  -f  + to  ’IIi.  No  ’II. 
perturbations  were  detected.  This  identification  is  consistent  only  with  an  inverted  ’II 
state  with  An  «=  — 70  cm-1.  An  alternative  assignment  as  a regular  ’II  state  with 
An  ~ 580  cm-1  can  be  ruled  out  by  analogy  with  the  a3ll  states  of  CaO,  SrO,  and  BaO 
(27)  and  by  the  fact  that  such  a state  would  be  at  the  case  ‘a’  limit  and  ’Hi  ~ ’2+ 
perturbations  would  be  much  weaker  than  observed  here. 

It  is  evident  that  all  of  the  important  information  about  the  a’n,  state  is  obtainable 
directly  from  Fig.  4.  However,  in  order  to  obtain  the  best  possible  deperturbed  spectro- 
scopic constants  for  the  u’H  and  .Y’2~  states,  it  is  necessary  to  construct  a model  per- 
turbation Hamiltonian  matrix  and  least-squares  fit  the  eigenvalues  of  this  matrix  to  the 
observed  term  energies. 

3.  Effective  Hamiltonian  Matrix  and  Least-Squares-Fitting  Mode I 

An  effective  Hamiltonian  is  constructed  in  a Hund’s  case  “a"  basis  set  consisting  of 
one  each  of  the  following  basis  functions: 

A‘2-  (r.v  = r.  + 3,  J), 

a’n0,  (la,  J), 

a’n„  (fa,  7),  (14) 

a’n™.  (r a,7), 

A ’I I.  (lA  = r„  7). 

Choice  of  a case  “a"  representation  is  purely  a matter  of  taste  and  is  completely  ir- 
relevant to  the  ultimately  obtained  eigenvalues  and  molecular  constants.  For  perturba- 
tions, 7 and  «//  parity  are  rigorously  good  quantum  numbers.  Since  the  ’2+  state 
possesses  only  e-parity  levels  and  only  the  e levels  of  a’n  are  sampled  by  the  observable 
extra  lines,  /-parity  basis  functions  are  excluded.  Thus  A doubling  in  the  a’ll  and  A’n 
states  is  neglected.  Although  perturbations  between  A’n  and  A‘'2+  involving  pairs 
of  levels  r.v  ~ t'.i  = r.v  — 4 rather  than  r.v  ~ tu  = r.v  — 3 are  observed,  these  per- 
turbations are  neglected  here.  The  reason  for  including  the  i u = r„  level  here  is  that, 
due  to  the  similarity  of  the  .l‘II  and  a3 II  potential  energy  curves,  the  (r.t  = r.jr„) 
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vibrational  overlaps  arc  near  unity  and  all  others  arc  vanishingly  small.  There  is  a 
significant  ./-independent  spin-orbit  interaction  between  the  95()-cm_l  distant  r,  = r„ 
levels  which  causes  an  asymmetry  in  the  u*II  spin-orbit  splitting.  Since  the  immediate 
goal  is  characterization  of  a deperturbed  a’n  state,  the  tu  = r„  basis  functions  are 
included  here  and  the  r.v  ~ r.(  = rA-  — 4 interactions  are  considered  separately  in 
Section  III.D.6. 

Only  a small  number  of  rotational  levels  of  each  A',  A,  and  a state  vibrational  level 
are  sampled  here,  thus  all  of  the  term  energies  obtained  from  the  photoluminescence 
spectra  are  least-squares  fitted  simultaneously  rather  than  as  one  group  of  near-de- 
generate vibrational  levels  at  a time.  The  data  set  consists  of  40  predominantly  '2+ 
rovibronic  levels,  and  20  ’ll  levels.  Rather  than  including  observed  ,1‘II  term  energies, 
the  Aln  levels  are  represented  by  constants  from  Ref.  (4).  The  effective  Hamiltonian 
is  expressed  in  terms  of  six  least-squares  variable  parameters,  7',(a3n),  w,(u),  wrr,(a), 
Br(‘>),  An  (a),  and  the  electronic  part  of  the  spin-orbit  perturbation  parameter  //rl, 
and  several  fixed,  constrained,  and  separately  calculated  parameters. 
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T„,  Ti,  and  7\  are  the  deperturbed  u’fl  case  “a”  term  energies 

To  = T.(a’Il)  + CM)  ~ -l.i  + + 1)  + 1]  - DrJ-(J  + 1)5, 

Ti  = Tn  -f  .lu, 

Ti  = 7'o  + 2,1  n - SB'., 

G«(r.)  = u.{a)( r.  + |)  — uA.(a)(r.  + 


(15) 


(16a) 

(16b) 

(16c) 

(H) 


//in  and  Hit  are  spin-uncoupling  terms 

Hoi  = B,,[2J  {J  + l)]i,  (18a) 

Hv,  = B'12J{J  + 1)  - 4]!.  (18b) 


Centrifugal  distortion  contributions  to  Hoi,  Hu,  and  Hot  are  ignored.  T.\  and  T. t are 
the  deperturbed  term  values  of  the  A'‘2+  and  ,1‘fl  states  (see  Section  III.D.5) 

Tx  = T.(X' 2)  + «.(X)(rx  + h)  ~ «,r,(X)(r.v  + h)1  + B,XJ(J  + 1) 

-Dtxr-(J  + 1)*,  (19) 

T.i  - T.(A'Il)  + u.(A)(ta  + |)  - MA)(fA  + + BrJ(J  -(-  1) 

+ 1)5.  (20) 

The  spin-orbit  perturbation  matrix  element  ( 27 ) 

(■£+ './/•<>; 3 n0.)  = //''(rj|rn) 


(21) 
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is  lac  tom  I into  nil  assmncil  constant  electronic  part  and  a rotation  independent  vibra- 
tional overlap.  This  is  the  only  nonzero  matrix  element  between  case  "a"  *i  anti  ‘II 
basis  functions  -,  the  spin-uncoupling  terms,  //„,  and  H v.,  mix  II  = 0 character  into  the 
nominally  0=1  and  2 substrates,  thereby  causing  observable  f>erturbations  between 
-*  and  dominantly  *11  j and  *Ib.  eigenstates.  The  (dl,  tl"'  ‘II)  jH*rturbation  parameter, 
— .In,  arises  from  the  assumption  that  the  .i'll  and  ci*ll  states  are  represented  by  a single 
electronic  configuration  and  that  the  molecular  orbitals  for  both  states  are  identical. 
With  the  additional  assumption  that  the  (t'.i  = r„'v„)  vibrational  overlap  is  unity,  this 
perturbation  parameter  is  identical  to  the  spin  orbit  constant  of  the  a’n  state  {27) 

.1,,  = (Jns|//«|*II,>.  (22) 

Other  spectroscopic  constants  of  the  u3II  state  are  subject  to  the  following  restrictions: 
the  1‘ekeris  relation  {42), 

a,  = [(/J,a.vve)=  — (23) 

the  Kratzer  relation  {42), 

Dt  = 4 «.»>,*,  (24) 

and  the  (i,  value  of  the  .I'll  state  {4), 

P'  — —5.0  X 10~s  cm-1.  (25) 

Initial  values  of  all  a’ll  constants  except  r,(u3JI)  were  set  identical  to  those  for  the 
-I'll  state.  Vibrational  overlaps  (r,  r.v)  were  initially  approximated  by  the  correspond- 
ing vi'.i  = f«;r.v)  overlaps  calculated  from  RKR  curves  for  the  .I'll  and  .Y'i+  states. 
The  matrix  was  set  up  and  diagonalized  for  vibrational  levels  t.y  = 3-7,  7 = 8,  10,  26, 


TABLE  IV 

Comparison  of  Calculated  Vibrational  Overlap  Integrals  Relevant  to  Analysis  of 
A'‘-'~  ii’II,-  Perturbations 
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0.453 

0.436 

0.459 

• _ i* 

3 

2“ 

0.499 

0.498 

0.497 

0.493 

1.95 

j 

3 

0.251 

0.178 

0.166 

0.165 

1.9: 

6 

3d 

0.494 

0.465 

0.460 

0.458 

1.99 

6 

4 

0.070 

-0.019 

-0.032 

-0.020 

l."2 

7 

4d 

0.439 

0.375 

0.360 

0.374 

:.*3 

7 

5 

-0.089 

-0.179 

-0.189 

-0.168 

1.92 

8 

6 

-0.211 

-9.285 

-0.291 

-0.267 

1.94 

9 

7 

-0.291 

-0.333 

-0. 334 

-0.319 

1.36 

10 

8 

-0.329 

-0.327 

-0.324 

Ol 

o 

1 

1.97 

a. 

Vibrational  overlaps  ca 

Iculated  using  constants 

for  A • ‘ s 

cate  as 

initial 

estimates  of 

y.  a*  A 

b. 

Overlaps 

used  in  final 

least  squares 

fit  to  observed  pert 

-rbatio* 

c. 

-V  •• 

and  R-centroid 

calculated  using  deperturbod  X:7  + 

ccr.stan 

ani  constants  for  a 

frer  Table  V. 

d.  Explicitly  included  ir.  effective  Hamiltonian. 
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Eic.  5.  Energy  shifts  of  .Y'2  vx  = 0-2  due  to  0*11.  Although  the  previously  known  levels  of  A’1-  are 
free  of  perturbations,  the  observed  levels  are  depressed  by  interaction  with  higher  lying  a*n  levels. 
Plotted  are  the  energy  corrections  that  should  be  added  to  the  observed  energy  levels  to  obtain  deper. 
turbed  energies.  Energy  corrections  plotted  here  differ  slightly  from  the  final  values  listed  in  Table  VI 


28,  49,  51,  70,  and  72  for  54MgO  and  J = 25,  27,  36,  and  38  for  2SMgO.  The  calculation 
was  limited  to  the  r,  J term  energies  sampled  by  the  laser  induced  photoluminescence 
and  to  vibrational  levels  in  which  A’‘2+  ~ a3fl  perturbations  are  observed. 

The  least-squares- fitting  procedure  was  necessarily  iterative.  Once  approximate  values 
of  the  a3II  state  vibrational  and  rotational  constants  were  known,  a set  of  (»a|t’x) 
overlaps  could  be  calculated.  These  overlaps  gave  a better  representation  of  the  vibra- 
tional variation  of  a ~ A'  perturbation  matrix  elements  than  the  initially  used  (t^  | vx ) 
overlaps.  Convergence  of  the  (t0|t'.v)  overlaps  to  stable  values  is  demonstrated  in  Table 
IV  in  which  the  (v.4  vx),  intermediate  («\,|t>x),  and  final  (i’a|?x)  overlaps  are  compared. 

Once  estimates  of  the  electronic  parts  of  the  a’ll  ~ A'2+  and  a*II  ~ A'Tl  perturbation 
matrix  elements  were  obtained  from  a preliminary  fitting  of  the  perturbed  lines,  it  was 
possible  to  obtain  deperturbed  vibrational  and  rotational  constants  for  the  .Y*2+  and 
.4‘n  states.  These  deperturbed  constants  were  needed  in  order  to  extrapolate  reliably 
from  the  well-characterized  t>x  = 0-2  and  v a = 0-2  levels  (4)  up  to  vx  = 7 and  r a = 10 
without  recourse  to  least-squares  variation  of  additional  X'2+  and  A ‘IT  constants. 

The  deperturbation  procedure  involves  correction  for  interaction  with  energetically 
remote  vibrational  levels  of  a’fl  and  is  described  in  Section  III.D.5.  The  necessity  for 
such  deperturbation  is  illustrated  by  Fig.  5,  which  displays  the  energy  shifts  of  the 
r.v  = 0-2,  Jx  = 0-101  levels  due  to  repulsion  by  the  a3II  levels  v„  = 0-12.  These  level 
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TABI.E  V 

Spectroscopic  Constants*  for  *‘Mgl*0  u’XI  and  -i'll  (in  cm-1) 


A 

A,J> 

T. 

2523(7) 

3557. 5C 

e 

54o(5) 

664.44 

v« 

3.9(9) 

3.91 

8e 

C. 5022(1 3) 

0.5056 

e 

0.0042(8)*’ 

0.0046 

A~ 

H*1 

-64(1)f 

71.78(3)' 

— 

a.  Uncertainties  (1?)  in  parentheses . 

b.  From  Reference  [i]. 

c.  Deperturbed,  see  Section  III. 0.5. 

d.  Calculated  using  Rekerls'  relation. 

e.  Electronic  part  of  the  a^  spin-orbi  t perturbation 
matrix  element. 

f.  Tnis  value  is  uncertain  by  an  additional  3 erf ' due  to 
neglect  of  -doubling  effects.  Probable  deperturbed 
value  is  -61.5  C'*  . 


shifts  are  so  large  and  J dependent  that  it  is  remarkable  that  Lagerqvist  and  Uhler  (4) 
were  not  led  to  search  for  perturbations  in  Vx  = 3. 

The  (t'a't'.v)  overlaps  and  the  deperturbed  -Y’2+  and  .-I’ll  constants,  calculated 
separately  from  the  results  of  the  preliminary  least-squares  fit,  were  used  in  the  final 
six  parameter,  nonlinear  least-squares  fit  to  60  data  points.  The  standard  deviation  of 
the  fit  was  1.6  cm-1  which  is  larger  than  the  estimated  0.5-cm-1  measurement  error  for 
individual  photoluminescence  lines.  Residual  error  arises  from  neglect  of  .Y‘2+  ~ .-I’ll 
perturbations  and  from  the  highly  constrained  nature  of  the  effective  Hamiltonian. 
Final  values  of  the  u’ll  molecular  constants  and  the  a ~~  X electric  perturbation  parame- 
ter are  listed  in  Table  V and  compared  with  the  known  constants  of  the  isoconfigurational 
.I’ll  state  ( 4 ).  The  success  of  the  fitting  procedure  is  illustrated  two  ways  in  Tables 
I— III.  First,  comparison  of  observed  minus  calculated  values  before,  Av,  and  after,  A/, 
taking  a ~ A'  perturbations  into  account  shows  that  the  largest  deviations  are  well 
accounted  for.  Even  though  separations  between  main  and  extra  lines  are  often  larger 
than  50  cm-1,  the  extra  lines  are  typically  fitted  to  1 cm-1.  Second,  relative  intensities 
of  extra  lines  are  calculated  using  the  fractional  A'‘2+  character  obtained  from  the  eigen- 
functions of  the  effective  Hamiltonian.  The  extra  line  intensities  are  tabulated  as  frac- 
tions of  main  line  intensities.  For  example,  the  (4,5)  R+  (49)  extra  line  is  observed  to 
be  96%  as  intense  as  the  corresponding  main  line,  implying  that  the  J — 49  eigenfunc- 
tion is  nearly  a 50-50  mixture  of  .Y’2  t.v  = 5 and  a3I70  r,  = 2.  Intensities  of  transitions 
into  predominantly  u3n  £1=2  levels  were  calculated  and,  without  exception,  were 
found  to  be  undetectably  weak. 

4.  Vibrational  Assignment  oj  the  tj’II,  State 

As  discussed  in  Section  III.D.2,  the  absolute  vibrational  numbering  of  the  u’H  state 
is  tentatively  determined  by  the  absence  of  .Y  ~ a perturbations  in  .Y‘2  v.\  = 0-2  and 
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the  presence  of  one  in  r.v  = 3.  This  assignment  is  confirmed  by  examination  of  vibra- 
tional overlap  integrals  calculated  using  various  trial  numberings  of  the  observed  a3U 
levels. 

Figure  4 shows  that  an  a’ II,  level  crosses  A"‘2  r.v  = 3 near  J.x  = 67.  This  crossing 
places  an  upper  bound  on  the  energy  of  the  r„  = 0 level  because  the  observed  perturbing 
level  must  belong  to  r„  = 0 or  some  higher  r„  value.  The  absence  of  a perturbation  in 
f.v  = 2 would  seem  to  put  a lower  bound  on  the  energy  of  r„  = 0.  Provided  that  the 
perturbation  matrix  element  is  large  enough  and  that  the  -Y‘2+  f.v  = 2 level  is  known 
to  high  enough  J values,  then  a perturbation  would  necessarily  be  observable  involving 
a level  of  a’ll  lower  than  the  one  responsible  for  the  f.v  = 3 perturbation.  Using  the  AG, 
Br,  and  a,  values  obtained  from  Fig.  4 for  the  observed  X ~ a perturbations,  the 
energy  and  rotational  constants  of  a possible  a’n  level  below  the  lowest  observed  one  are 
calculated.  The  predicted  SI  = 0 and  l crossings  (locations  of  maximum  rotational  level 
shifts  and  intensity  alterations)  between  this  possible  a!II  vibrational  level  and  A‘2+ 
r.v  = 2 occur  within  the  observed  ( 4 ) range  of  J values.  In  order  for  these  crossings  to 
occur  without  any  evidence  of  perturbation,  the  matrix  element 

= H‘'(  r.v  = 2 >.) 

would  necessarily  be  much  smaller  than  the  observed  r.v  = 3 matrix  element,  H°x’=3.v.+i- 
Until  the  absolute  vibrational  numbering  of  the  a1!!  state  is  established,  neither  //el  nor 
(:.v  r. ) is  known.  However,  A'  ~ a overlaps  should  be  approximated  well  by  A'  ~ A 
overlaps  because  of  the  predicted  similarity  of  the  a3 II  and  .4 ‘II  potential  energy  curves. 
The  interaction  strength  for  the  possible  f.v  = 2 ~ t.  crossing  is  estimated  by 

(f.v  = 2|r<t) 

H ~ 7 , (26) 

(r.v  = 3 : r.,  -(-  1) 

where  the  ratios  of  vibrational  overlaps  are  0.94,  30.,  and  1.1,  respectively,  for  t„  = 0, 1, 
and  2.  Thus  the  absence  of  a detected  perturbation  in  r*  = 2 implies  that  the  level 
responsible  for  the  perturbations  of  r.v  = 3 is  r„  = 0. 

This  assignment  is  confirmed  from  the  observed  vibrational  variation  of  the  perturba- 
tion strengths  for  r.v  = 3-7.  Figure  4 shows  that  main  and  extra  lines  are  observed 
fortuitously  close  to  several  .Y'2  ~ trlT,  crossings.  At  a crossing,  the  separation  between 
main  and  extra  lines  is  twice  the  interaction  matrix  element.  Inspection  of  the  frequency 
differences  between  main  and  extra  lines  for  strongly  perturbed  levels  r.v  = 4 Jx  ~ 70, 
72.  r.v  = 5 Jx  = 49,  51,  and  r*  = 6 Jx  = 26,  28  indicates  that  whatever  the  vibra- 
tional numbering  of  a’ll  might  be,  the  three  overlap  integrals  (r.v  = 4]r„),  (vx  = 5| 
r„  + 1 ),  and  (r.v  = 6 r«  + 2)  must  have  similar  values.  Again  using  overlaps  calculated 
from  .4'I1  rather  than  a3 IT  constants, 


Vx  — 2 Va  = VX  — 3 Va  = vx  — 4 


t-.H 


478 


IKEDA  ET  AL. 


it  is  evident  that  the  only  acceptable  vibrational  numbering  of  these  a’H  perturbing 
levels  is  r„  = r.x  — 3. 


5.  Deperturbed  Constants 

The  constants  for  the  £%  AlTl,  and  .Y‘2  states  were  obtained  in  the  usual  way  for  the 
apparently  perturbation  free  v = 0-2  vibrational  levels  of  each  state  (4).  These  con- 
stants, although  they  accurately  reproduce  the  observed  r = 0-2  energy  levels,  have 
compromised  mechanical  significance  {51).  They  are  not  suitable  for  extrapolation  to 
higher  vibrational  levels  nor  for  construction  of  realistic  potential  energy  curves.  It  is 
possible  to  obtain  constants  deperturbed  with  respect  to  energetically  remote  levels  of 
the  a’n  state.  These  deperturbed  constants,  when  supplemented  by  the  necessary  inter- 
action matrix  elements,  represent  the  observed  t>  = 0-2  energy  levels  equally  as  well  as 
those  of  Ref.  ( 4 ),  and  also  provide  a better  mechanical  representation  which  is  more 
suitable  for  extrapolation  and  construction  of  potential  curves. 

The  second  order  perturbation  theoretic  energy  correction  is 


£;<*' 


E 


\H<A' 

E,°(J)  - E,\J) ' 


(28) 


If  Ha  can  be  factored  into  a constant  electronic  part  and  a vibrational  overlap,  Eq.  (28) 
reduces  to 


£,-<*>  = |17-!*  E — 


9‘s 


i E?{J)  ~ EjV) 


(29) 


where  q is  a vibrational  overlap  squared.  Shifts  of  the  AT‘2  tx  = 0-2  Jx  — 0-101  levels 
due  to  o’llo  t = 0-12  are  calculated  using  Ht\  = 71.7  cm-1  and  displayed  in  Fig.  5. 
Energy  shifts  are  t and  J dependent  and  range  from  1.4  to  4.3  cm-1. 

Equation  (29)  can  be  separated,  by  considering  the  J dependence  of  the  denominator, 
into  three  terms  which  are,  respectively,  corrections  to  vibrational  energies,  rotational 
constants,  and  centrifugal  distortion  constants 


[9a 
— 

A Eij9 


q'ABtfJV  + 1)  qjAABijOy-JHJ  + 1): 


(a  e,w 


(A£.,°)J 


]■ 


(30) 


where  A£,,°  = £,°  — £/  and  A £,/  = B,°  — Bf.  The  mechanical  or  deperturbed  con- 
stants are 


£ = 

B = 


£»i..  — |ffel|2E 

B,J„  + I //"PL 


A E’ 
qAB 
A £2  ’ 


(31a) 

(31b) 


oA£2 

Z)= /?„h,+  |ff'"PL , (31c) 

A £* 


where  the  obs  subscript  refers  to  constants  from  Ref.  (V).  Correction  terms  for  r.\-  = 0-7 
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TABLE  Vr 

Mutual  l)q>orlurl>ation  of  .Vi’*  ami  .iJll, 


Deperturbed 

Level 


B-Bob.  . 
UO'-c#  l) 


obs 

UO  "cm"1) 


Excluded 

Level 


0 

1.51 

3.6 

-0.09 

1 

1.85 

5.7 

-0.19 

2 

2.47 

11.2 

-0.58 

3 

2.39 

12.1 

-0.73 

4 

1.51 

12.2 

-0.26 

5 

0.55 

11.9 

+0.27 

6 

-0.13 

12.7 

+0.44 

7 

-0.18 

16.7 

-0.06 

a V. 

0 

-2.56 

-16.6 

0.35 

1 

i 

►- 

in 

o 

-19.0 

0.18 

2 

-0.30 

-17.3 

-0.  10 

3 

+0.53 

-14.2 

-0.33 

4 

0.81 

-12.7 

-0.33 

5d 

2.34 

-44.5 

-7.46 

a. 

Levels  of  X 'i'+  are 

deperturbed  with 

respect 

a.  Levels  of  X ll'  are  deperturbed  with  respect  to  va**0-20  of  a-T. 
e-parity  levels  of  a1  are  deoerturbed  with  rosnect  to  Vj-0-20  of  X *.  . 

b.  Calculated  deperturbation  corrections.  Tabulated  quantities  are 
differences  between  the  deperturbed  value  and  the  value  that  would 
be  obtained  fron  a least  squares  fit  in  which  remote  perturbing 
levels  are  excluded  fron  the  effective  Hamiltonian. 

c.  One  level  is  excluded  from  the  perturbation  summation  because  it 
should  be  explicitly  included  in  the  effective  Hamiltonian. 

d.  Perturbation  summation  valid  only  at  low  J-  values.  Effective 

Hamiltonian  should  include  v *5,  v *7  and  8. 

a X 

are  listed  in  Table  VI.  For  rx  = 3-7  the  obs  subscript  refers  to  constants  that  would  be 
obtained  in  a least-squares  fit  if  only  the  nearest  higher  energy  u*n  vibrational  level 
were  included  in  the  effective  Hamiltonian  matrix.  Note  that  the  effect  of  remote  a’H 
levels  on  B and  D values  is  small,  but  that  hand  origins  are  significantly  affected. 

The  observed  energies  of  vx  = 0-2  ( 4 ) are  converted  to  deperturbed  energies  and 
new  values  of  the  following  constants  arc  obtained  (constants  from  Ref.  (4)  are  in 
parentheses) : 

u,(X‘2)  = 785.14  (785.06)  cm-1, 

uAt(X'X)  = 5.07  (5.18)  cm-', 

7’.(/l'n)  = 3561.9  (3563.3)  cur1, 

T.(B'Z)  = 19  982.6  (19  984.0)  cm"1. 

The  T.  values  for  A and  B states  are  decreased  by  1.4  cm'1  because  the  position  of 
the  minimum  of  the  .Y’2+  potential  is  raised  1.4  cm-1  by  deperturbation.  The  new  vi- 
brational constants  for  the  VS  state  provide  significantly  improved  extrapolated 
energies  for  r.r  = 3-7 ; the  shift  for  r.v  = 7 is  7 cm-1. 
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Tlii:  interaction  lx-twccn  .I'll  ami  remote  levels  of  uMI,  although  comparable  in  mag 
uiiude  to  the  X ~ a interaction,  has  a much  less  dramatic  effect  on  the  constants  of 
the  .4  Ml  state.  The  vibrational  and  rotational  constants  of  the  .1  and  a states  are  nearlv 
identical.  As  a result,  the  vibrational  overlap  factor  is  large  only  for ; , = v„  interactions. 
Only  the  Av  = 0 terms  in  the  Eq.  (31)  summations  are  significant,  and,  since  AB  « 0 
for  A:  = 0,  the  corrections  to  B and  D vanish.  Assuming  that  IB'  for  the  .1  ~ a inter- 
action is  64  cm-1  (equal  in  magnitude  to  the  observed  spin-orbit  coupling  constant  for 
<jTI  i and  AB  = 940  cm-1,  a constant  r-  and  /-independent  energy  shift. 

K(A  'll)  = /:oU  - 4.4  cm-'  (33a) 

is  obtained.  The  only  deperturbed  constant  of  .4 ’ll  which  differs  from  the  observed 
constants  (4)  is 

7'«(-T'H)  = 3557.5  cm-1.  (33b) 

Deperturbation  of  with  respect  to  levels  of  the  .Y'2'  state  is  discussed  in  Section 
III.D.6. 

The  constants  for  the  o5n  state  given  in  Table  V are  only  partially  deperturbed. 
Etfects  of  interaction  with  all  .1MI  levels  and  only  the  nearest  -Y‘-  vibrational  level  arc 
included.  A'll  causes  the  deperturbed  <i3II  energy  to  be  4.4  enr1  higher  than  the  apparent 
energy  and  also  causes  an  asymmetry  in  the  aMl  spin  splitting.  The  3Ho-3IIi  and  MIi-MI* 
splittings  are,  respectively,  4.4  cm-1  larger  and  smaller  than  in  an  unperturbed  MI.-  state. 
The  3II  ~ interaction  contributes  to  the  /-independent  A doubling  of  MI„.  The 
bottom  half  of  Table  \T  lists  the  effect  of  remote  ATS  levels  on  Ml,,,.  For  example,  in 
: , = 0 the  Ml  iif  levels  are  raised  above  Mlu/  by  2.56  cm  ‘.  There  is  an  additional  1.70- 
cm':  contribution  to  the  v„  = 0,  R = 0 doubling  at  /„  = 0 due  to  the  near  degenerate 
'. . = 0 ~ r.v  = 3 interaction.  Since  only  r-parity  levels  are  observed  here,  it  is  not 
possible  to  experimentally  sample  the  aMI  A doubling,  hut  it  is  likely  that  the  r„  = 0, 

= 0 doubling  is  4 cm"'.  Contributions  from  the  B'XA  and  32+  (l  I states  are  exjtected 
to  lx?  small  and  of  opposite  signs,  but  a direct  spin-spin  contribution,  a (52),  could 
alter  the  predicted  doubling  by  ±2  cnr'.  Uncertainty  about  the  magnitude  and  physical 
origin  of  the  uMI  A doubling,  combined  with  observance  of  only  c-paritv  levels,  results 
in  an  uncertainty  in  the  deperturbed  value  of  the  spin-orbit  constant  An-  If  the  R = 0 
doubling  were  2.56  4-  1.70  cnr1,  then  the  deperturbed  value  of  .In  would  be  —61.5  cm-' 
rather  than  the  value  —64  cm-1  given  in  Table  V. 

4.  Analysis  of  .I'll  ~ A"'S+  Perturbations 

The  -I'll  state  interacts  with  both  .Y'w+  and  B'~A+.  The  ordinary  A doubling  of  the 
.1  state 

F-j.  - Fji  = ?,/(/  + 1)  - -f  1)’-  (34) 

is  dominated  by  contributions  from  the  .Y  and  B states.  Several  X ~ A perturbations 
are  recognized  by  the  resultant  anomalous  A doubling  which  increases  rapidly  with  /, 
changes  discontinuous!)-  from  large  positive  to  large  negative,  and  then  decreases  in 
magnitude  to  the  asymptotic  doubling  of  Eq.  (34).  Franck-Condon  forbidden  but  per- 
turbation allowed  B-X  transitions  are  observed  as  extra  lines  at  34MgO  r.v  = 7 ~ fa  = 3, 
:.y  = 9 ~ su  = 5.  and  s,MgO  fx  = 10  ~ r.i  = 6 perturbations. 
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•July  the  e-purity  (4J)  levels  of  .-I'll  are  affected  by  a ‘2 1 perturber,  llius  only  the 
B-A  R-  and  P-branch  lines  are  shifted.  The  interaction  matrix  element  is  J dependent 

m 

<‘II.|ff|‘2+)  = [2y(/+l)]»2,  (35) 

and  may  be  factored  into  an  electronic  and  a calculable  vibrational  part  (27) 

2V  = 6(fn  | A/taW  | vz)  = bB,a,z.  (36) 

If  one  assumes  that  the  electronic  factor,  b,  is  independent  of  internuclear  distance,  then 


_ (B.a,zr- 

qrn  - 

(37a) 

- E'Z 

(Blarzy(B,ao  - B.*) 

QD'n  = 2b- Y.  , 

(37b) 

•*  (£r„°  - Etz°y 

thus  it  is  possible  to  estimate  the  contribution  of  remote  X‘2f  levels  to  the  .4 'll  A dou- 
bling once  a value  of  b is  obtained  from  analysis  of  X ~ A perturbations. 

The  following  b values  are  obtained  from  the  observed  X ~ .4  perturbations  at  which 
extra  lines  are  found : 


tx 

r.4 

H'n*Z 

(cm-*) 

R centroid 

(A) 

b 

»<MgO 

7 

3 

70.2 

0.1743 

2.054 

0.83  (2) 

9 

5 

44.6 

0.2000 

2.075 

0.86  (4) 

«.MgO 

10 

6 

39.2 

0.1901 

2.082 

0.89  (4) 
(38) 

Perturbation  matrix  elements  are  derived  from  measured  separations  between  main  and 
extra  lines 

| P.i.nitt  - = |Pn"  - Ef\  + 2\b\  (39) 

and  level  shifts 

5 = Eu"  - Enoh'  (40) 

= IW-  + (A£nin/'2)=]  - AEnzVl,  (41) 

where  the  zero  superscript  denotes  the  extrapolated  (unperturbed)  level  position  which 
is  estimated  from  perturbation-free  Q- branch  lines.  The  uncertainty  estimate  for  b is  ob- 
tained by  shifting  one  of  the  four  main  or  extra  lines  by  0.5  cm-1. 

An  average  value  of  the  electronic  perturbation  parameter 

bx'A  = 0.85 

means  that  A’  ~ A interactions  contribute 

= 1.5  X 10~4cm_l, 
qorX'A  = — 6 X 10~*  cm-1 

to  the  A-doubling  constants  q,  and  qor  for  .4 'II  ra  = 0-2.  After  removing  the  effects 
of  high-/  X ~ .4  perturbations  (at  J°  = 97,  89,  and  80,  respectively)  from  r.i  = 0-2 
term  energies  (4), 

q t = 0.6  X 10~4  cm-1 


I 


4S  » IKI'.D.V  Hi 

is  obtained.  It  is  not  surprising  that  the  nliscrved  q,.  value  i>  smaller  Ilian  I lit-  V ••  I 
contributions.  All  ‘ii  states  contribute  to  q,  \ higher-lying  ami  lower  lying  states 
make  negative  contributions.  Assuming  a maximum  value  for  the  li  ,|  interaction 
(.27) 

b"'A  = (Ipui'Ji  |2^o<r)  = 2', 

the  H ~ .1  contribution  for  r.i  = 0-5  is  found,  by  explicit  evaluation  of  the  F.q.  (57) 
perturbation  sums,  to  be 

q/‘~A  = —6  X 10-5 cm'1, 
q, = -2  X 10-'"  cur1. 

Thus  all  remaining  higher-lying  states  make  a net  contribution  of  —5  X HI-1  cm-1 
to  qr  and  a negligible  contribution  to  qDr-  There  is  no  need  to  deperturb  the  constants 

TABLE  VII 

Summary  of  5<MgO  A’1-4’  Perturbations  (J.x  < 100) 


"ihroni  • 'art 


•otitional  ‘‘art*' 


* Calculated  value  of  J at  which  levels  of  the  perturbed  and  perturbing  states  with  the  same  J values 
are  most  nearly  degenerate. 

b For  the  A'  ~.l  perturbations  this  is  b B CYr4.  For  the  X ^ a perturbations,  this  is  I “) 

X{rA*|r«).  Calculated  using  II'°  = 71.7  cm-1  and  b = 0.85. 

c For  the  A'  ^.1  perturbations,  this  is  £2/  (J  -f-  1)3*-  For  the  A'  a perturbations  this  is  a spin 
uncoupling  factor,  sec  Ref.  (44),  pp.  68-70. 

1 Actual  matrix  element  for  the  specific  J(il)  level  is  given  by  the  product  of  the  vibronic  part 
times  the  rotational  factor. 

* Kxtra  lines  observed. 

’■  Kxtra  lines  observed  for  2r\MgO  at  J'j  - 39.2. 
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for  .1*11  with  respect  to  states,  provided  that  only  the  /-parity  levels  obtained  from 
(>  branches  of  the  transition  (V)  are  used  to  obtain  Br  values. 

The  effect  of  ‘1’  states  is  small,  except  for  a A doubling  that  amounts  to  about  2 cm-1 
at  J = 1(X)  and  several  local  -V  ~.l  perturbations  accompanied  by  e-level  shifts  as 
large  as  15  cm-1.  One  of  the  largest  of  these  perturbations  may  have  been  noticed  in 
the  O— '-.I’ll  (4,4)  band  by  Brewer  and  Trajmar  {10)  at  which  the  i.v  = 8 and  r.4  = 4 
levels  cross  near  J = 59  with  an  interaction  matrix  element  of  14  cm-1. 

All  of  the  perturbations  involving  .Y‘25  r.v  = 0-10,  A'll  rA  = 0-6,  and  o’llo.i.i 
vs  = 0-S  for  J = 0- 100  are  summarized  in  Table  YU.  J values  at  which  perturbing 
levels  cross  and  estimated  matrix  elements  at  J " are  included. 

IV.  DISCUSSION 

The  most  important  result  of  the  work  presented  here  is  a set  of  preliminary  values 
of  the  MgO  a’ll  molecular  constants.  The  a’ll  constants  are  found  to  be  nearly  identical 
with  those  for  .-I’ll,  and  the  differences  between  constants  agree  in  sign  and  magnitude 
with  ab  initio  calculations: 

Observed  Ref.  {21) 

T.  'll ' 7', (-11)  934  enr1  1203  tnr> 

u.^llt-M’ll)  2.4%  0.9%  (42) 

r.  (’ID-r.PH)  -0.33%  -0.11% 

Similar  agreement  exists  between  observed,  .-In  = —64  cm-1,  and  ab  initio  {21), 
.In  = —53.5  cm-1,  values  of  the  spin-orbit  constant.  There  have  been  no  ab  initio  calcu- 
lations of  MgO  perturbation  parameters. 

The  cdl  spin-orbit  constant  for  MgO  may  l>e  compared  against  values  for  the  follow- 
ing isovalent  molecules: 


(43) 


The  BeO.  MgO,  and  C’aO  .In  values  are  nearly  identical  because  of  the  negligible  metal 
atom  character  in  the  only  incompletely  filled  tr  orbital. 

Transitions  involving  u’fl  as  the  lower  state  have  been  reported  {20-22).  A partial 
analysis  of  the  d’A-u'II  (0,0)  band  is  reported  in  Ref.  {21).  Information  obtained  here 
about  the  u’ll  state  suggests  that  the  analysis  in  Ref.  {21)  may  be  incorrect  in  a minor 
detail.  Two  of  several  plausible  bandhead  assignments  are  compared: 

More  probable 
’A.-’-H,  (Q) 

(0) 

•A.-JIti  ( Q ) 

’•i.-’n.  / <y) 

Superimposed  P (44) 

3 mr1 

—32.5  cm*1  —30.5  cm-1 

6.5  cm*1  11.5  cm*1 


-lu  (< 

nr1) 

BeO 

-62 

( 53) 

Cj 

— 164 

\ (331 

BeS 

-159 

(53; 

MgO 

-64 

CaO 

-58 

(.27) 

SrO 

-70 

{27) 

BaO 

-105 

{27) 

3721.39  a 

3720.94 

3720.64 

3720.56 

3724.9 


:ll«,  "Hi./ 

-la 

•A  asymmetry 


Ref.  {21) 

’A, -TO  (Q) 

*A»-Jnv  (Q) 

,Ai-IH».  (0) 

sAi-=nv  ((?) 

Superimposed  P 

0.5  cm*1 


• m 
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The  alternative  assignment  is  supported  by  its  larger  3II„  A doubling  and  3 A asymmetry. 
The  3A  asymmetry  is  caused  by  spin-orbit  interaction  between  D' A at  7o«  = 30  160 
cm-1  and  iPX:  at  7",,,  = 20  812  cm-1  with  a matrix  element 

« -2.h. 

The  3A2  substate  should  be  depressed  11  cm-1  below  its  deperturbed  position.  A simple 
experimental  verification  of  one  of  the  above  alternative  assignments  is  possible.  The 
intensity  of  the  two  3Ai-*IIo  @ heads  should  I*  one-half  that  of  the  3Aj-3II2  and  ’As-’ITi 
heads. 

The  MgO  u3II  ~ A"‘2  perturbations  are  the  first  observed  31I  (I)  ~ 'X  (I)  perturba- 
tions for  the  eight  valence  electron  group  of  diatomic  molecules.  A surprisingly  large 
electronic  matrix  element,  71.7  cm-1,  is  observed.  Single  configuration,  dominant 
atomic  orbital  character  arguments  predict  that  the  3n  (I)  ~ ‘2+  (I)  matrix  element  for 
MgO 

<3rio  (I)7/-;'2+  (I))  = -i(2r/iL  la)  (45a) 

should  be  smaller  than 

(31I„  (I)!H«;i2+  (II))  = -i (2r'aL[6a)  (45b) 

because  the  2jr,  6<t,  and  la  orbitals  are  dominated,  respectively,  by  2pi,r,  2poa,  3riiK<r 
atomic  character.  ’If  (I)  ~ '2  (II)  matrix  element  is  not  known  for  MgO,  but  values 
of  55,  31,  and  35  cm-1  are  found  for  CaO,  SrO,  and  BaO  (27).  Ab  initio  calculations  (53) 
for  BeO  and  BeS  show  the  3II  (I)  ~ ’2+  (I)  interaction  to  lie  smaller  than  the  3n  (I) 
~’2+  (II).  Both  3II  ~ *2  matrix  elements  are  found  (53)  smaller  for  BeO  and  larger  for 
BeS  ?han  71.7  cm-1.  It  will  be  interesting  to  discover  whether  the  MgO  a ~ A’  inter- 
action is  larger  or  smaller  than  the  a ~ B and  to  find  the  reason  for  the  large  a ~ A' 
matrix  element. 

Considerable  interest  has  focused  recently  on  chemiluminescent  photon  yields  and 
collision  induced  transfer  from  nonradiating  energy  reservoir  states  into  radiating  states. 
For  all  of  the  alkaline  earth  monoxides  and  many  other  molecules,  the  lowest  triplet 
state  and  high  vibrational  levels  of  the  electronic  ground  state  act  as  reservoir  levels. 
Often  the  lowest  triplet  also  acts  as  a conduit  through  which  population  is  transferred 
from  reservoir  to  radiating  states.  Locations  of  potential  energy  curve  crossings  and 
magnitudes  of  spin-orbit  matrix  elements  between  3II  (I)  and  ‘2+  (I  and  II)  states 
are  of  paramount  importance  in  determining  the  rates,  efficiency,  and  specificity  of 
energy  funneling  from  reservoir  to  radiating  levels.  All  of  the  relevant  potential  energy 
curves  for  the  alkaline  earth  monoxides  are  now  known  [excluding  32~  (I)].  Several  of 
the  spin-orbit  matrix  elements  are  known  and  the  remainder  will  be,  within  a factor 
of  2,  40  cm-1. 

The  MgO  .4‘n  ~ .Y‘2+  perturbations  are  also  characterized  by  a surprisingly  large 
matrix  element.  For  the  same  reason  that  the  3n  (I)  ~ ‘2  (I)  matrix  element  should  be 
smaller  than  3n  (I)  ~ '2  (II),  the  ‘II  (I)  ~ '2+  (I)  interaction  should  be  weaker  than 
the  ‘II  (I)  ~ ‘2+  (II).  In  the  single  configuration  approximation,  the  b values  defined 
by  Eqs.  (35)  and  (36)  are 


Cn(i), '2(1)3  = <2*;/,», 

h['II(I), '2(11)3  = <2»l/+!6»>. 


(46a) 

(-16b) 


» 
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The  value  bA  ~x  = 0.85  is  much  larger  than  the  corresponding  value,  0.41,  for  BeO  (27). 
Similar  perturbations  have  been  observed  for  BeS  (50),  but  no  b value  is  available  for 
comparison.  ’II(I)  ~ '-(11)  perturbations  are  unknown  for  MgO,  but  it  is  likely  that 
bH~A  will  lie  similar  to  the  values  1.28,  1.30,  1.17  found  for  BeO,  C'aO,  and  SrO,  respec- 
tively (27).  Because  of  the  large  bA  ~x  value  and  unusually  low  energy  of  MgO  .4*11,  the 
lambda  doubling  for  the  '11(0  state  is  dominated  by  'i’+(I ) rather  than  '7S+(I I)  as  occurs 
for  BeO,  CaO,  SrO,  and  BaO. 

Little  is  known  aljout  transition  moments  for  the  alkaline  earth  monoxides.  Radiative 
lifetimes  have  been  measured  for  BeO  ’2+(II),  r = 9X  10~s  sec  (54),  BaO  '2+(ll), 
r = 3 X lG-,sec  (55),  and  BaO  'n(I),  r = 1 X 10~!sec  (56).  Transition  moment  ratios 
have  been  measured  for  MgO  and  were  shown  in  Section  IILB  to  agree  well  with  ab 
initio  values  (26).  It  is  interesting  that  the  observed  BaO  l2+(II)-,2+(I)  to  In(I)-12+(I) 
transition  moment  ratio,  2.5,  is  nearly  identical  to  the  corresponding  ratio  of  calculated 
MgO  moments,  3.1  (26).  The  radiative  lifetimes  of  the  MgO  B'S  and  /I'll  states,  esti- 
mated using  the  calculated  transition  moments,  are  3.6  X 10“*  and  4 X 10-4  sec  (57).  A 
final  indication  that  the  single-configuration,  dominant  atomic  character  approximation 
is  invalid  for  MgO  is  the  strength  of  the  B'2-.l  'II  transition.  In  the  separated  atom  limit 
this  would  be  a forbidden  2p„ir  2p,,cr  transition,  yet  the  calculated  K-A  moment  is 
a factor  of  three  larger  than  the  allowed  charge  transfer  3s^Ktr  -2poir  A-X  transition. 

The  Ar+  laser  induced  photoluminescence  spectra  described  here  are  an  excellent 
illustration  of  the  dynamic  range  of  laser  spectroscopy.  Spectra  of  rare  isotopes  are  ob- 
served in  natural  abundance.  Intercombination  lines  due  to  perturbations  are  recorded 
and  unambiguously  assigned  in  spite  of  the  fact  that  these  extra  lines  are  often  found 
far  from  the  J levels  where  the  mixing  coefficients  are  largest.  It  is  not  necessary  to 
sample  the  perturbation  culmination  in  order  to  assign  the  extra  lines  and  characterize 
the  perturbing  state.  The  energy  level  diagram  for  the  mutually  perturbing  A'‘2+,  /ITT, 
and  u3II  states  is  sampled  at  only  a few  J values,  yet  a complete  characterization  of 
these  states  and  their  interactions  is  achieved.  Molecular  constants  are  obtained  at 
about  a factor  of  10  inferior  precision  to  that  typical  of  a full  rotational  analysis,  but 
this  lower  precision  is  due  to  a ±0.02-nm  measurement  uncertainty  rather  than  the 
limited  number  o1  )!ros  recorded. 

In  this  work  gO  a’H  state  was  observable  l>ecause  of  its  ]>erturbations  by  the 
A'*2~  state.  Onb  parity  levels  of  0 = 0 and  1 could  be  sampled.  However,  the  o’ll 
state  is  now  suffice  tly  well  chaiacterized  that  it  may  prove  possible  to  complete  a 
rotational  analysis  of  an  electronic  transition  involving  this  state.  There  appear  to  be 
three  attractive  possibilities:  <P&  o*II  at  372.1  nm  (21);  bo  a'll  near  901  nm  (24); 
and  the  intercombination  subband  B'S^-t/’IIi  (0,0)  at  573.1  nm.  The  B-di  transition 
borrows  oscillator  strength  from  the  B-.l  (0,0)  band  by  spin  orbit  mixing, 

= [zln/(£'n0  - E^)J  = 5 X 10-’. 

In  a laser  excitation  spectrum  recorded  at  a temperature  of  500  K,  the  B-a\  (0,0)  band 
at  573.1  nm  should  l>e  5%  as  strong  as  the  B-.l  (1,0)  band  at  577.5  nm. 
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High-Resolution  Laser  Excitation  Spectroscopy 

Analysis  of  the  System  of  CaCI 1 

Peter  J.  Domaille,  Timothy  C.  Steimle,  Xing  Bew  Wong, 
and  David  0.  Harris 

Quantum  Institute  and  Chemistry  Department,  University  of  California, 
Santa  Barbara,  California,  93106 


Single-mode  cw  dye  laser  excitation  spectra  of  the  (0,  0),  (1,  1),  and  (2,  2)  bands  of  the 
B*2+-.V,S+  system  of  CaCI  have  been  observed  and  assigned.  Some  300  independent  photo- 
luminescence spectra  have  been  used  in  making  the  rotational  assignment  and  demonstrate 
the  power  of  the  technique  of  line-by-line  analysis  in  unraveling  complex  spectra.  Spectroscopic 
constants  (cm-1)  obtained  from  a weighted  least  squares  fit  of  the  data  are  given  below.  Num- 
bers in  parentheses  refer  to  95('c  confidence  limits  in  the  last  digit. 

B*Z+ 


t 


T. 

<*>« 

OifXf 

B. 

<X, 

D. 

(spin-rotation) 


0 

369.8(10) 

1.13(20) 
0.15200(54) 
0.00063(34) 
1.027(16)  X 10~: 
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16856.69(2) 

366.8(10) 

1.28(20) 
0.15448(54) 
0.00073(35) 
1.097(17)  X 1&-7 
-0.0630(16) 


The  ground-state  rotational  constant  is  in  excellent  agreement  with  the  precious  value  ob- 
tained from  the  analysis  of  the  C?n,-.Y,2+.  The  B-state  spin-rotation  interaction  constant  is 
consistent  with  the  pure  precession  estimate  of  the  interaction  between  the  .4!n,  and  B7SV 
states,  which,  in  the  one  electron  approximation,  both  have  the  unpaired  electron  in  a calcium 
4/  orbital. 


I.  INTRODUCTION 


Rotational  analyses  of  the  .4-.Y  and  B-X  band  systems  of  the  alkaline  earth  halides 
have  previously  proved  to  be  a formidable  task  using  conventional  spectroscopy  because 
of  the  complex  overlapped  nature  of  the  spectra.  This  complexity  arises  because  the  one 
electron  promotion  is  primarily  from  a metal  ns<r(X2 * * 2+)  orbital  to  a metal  «/>x(.-l2Il) 
or  npa{BrS,+)  orbital.  The  localization  of  the  electron  promotion  to  the  metal  atom 
leads  to  very  similar  spectroscopic  constants  in  all  three  states  with  only  slight  differ- 
ences in  the  potential  energy  curves.  The  spectra  thus  consist  of  strong  Ar  = 0 sequences 
with  heavily  overlapped  rotational  structure.  The  spectrum  of  CaCI  is  particularly 

1 This  research  was  supported  by  the  AFOSR  and  the  National  Science  Foundation,  Grants  AFOSR- 

73  2565  and  NSF-MPS-72-04978,  respectively. 
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Fig.  1.  Low  resolution  trace  of  the  Ar  = 0 sequence  of  the  /FZ+- X*2*  system  of  CaCl  produced  in 
the  chemiluminescent  Ca  + Cl.  reaction.  The  peaks  are  the  P-branch  heads  of  the  (0,  0),  (1,  1),  (2,  2), 
etc.,  bands  extending  successively  to  longer  wavelength.  The  broad  hump  to  shorter  wavelength  is 
heavily  overlapped  /{-branch  structure. 

congested,  as  indicated  in  Fig.  1,  where  a low-resolution  spectrum  of  the  chemilumines- 
cence from  the  Ca  + Cl>  reaction  is  shown.  The  sharp  peaks  are  successive  P-branch 
heads  of  the  Ac  = 0 sequence  of  the  B'-i’+-Ar->2+  system  and  the  broad  band  extending 
to  the  blue  is  overlapped  P-branch  structure.  In  addition  to  the  almost  vertical  displace- 
ment of  the  potential  curves,  further  complications  arise  in  the  CaCl  B-X  system 
because  the  unpaired  electron  produces  spin  doubling  of  the  levels  in  both  states.  The 
natural  abundance  of  the  two  chlorine  isotopes,  33C1  and  37C1,  also  contributes  to  further 
spectral  overlap. 

The  technique  of  single-mode  cw  dye  laser  excitation  spectroscopy  has  been  demon- 
strated previously  (1-3)  in  the  analysis  of  complex  spectra.  The  advantages  of  being 
able  to  record  Doppler  width  limited  high-resolution  excitation  spectra,  and  the  inde- 
pendent assignment  of  each  line  from  the  resolved  photoluminescence  have  been  dis- 
cussed by  Field  et  al.  (/).  A line-by-line  rotational  assignment  is  obtained  by  tuning  the 
laser  to  a particular  line  in  the  excitation  spectrum  and  recording  the  resolved  photo- 
luminescence. Measurement  of  the  P-R  separation  and  a knowledge  of  B"  then  allow 
an  .V'  assignment.  Noting  whether  the  laser  is  tuned  to  coincide  with  the  higher  (lower) 
frequency  member  of  the  doublet  allows  an  unambiguous  assignment  of  the  line  as 
R(X")  [P(. Y")]  in  the  excitation  spectrum.  The  laser  is  then  tuned  to  the  next  rotational 
coincidence  and  the  process  repeated. 

No  rotational  analysis  of  the  +-.Y22+  system  of  CaCl  has  previously  been  reported ; 
however,  Menzinger  (4)  quotes  a value  of  B„(B)  = 0.1538  cm'1  based  on  the  measure- 
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ment  of  head  separations  in  the  system  and  assuming  /*„(.!)  = B„(B). 

However,  there  is  no  a priori  reason  for  this  assumption. 

Morgan  and  Barrow  (5)  have  reported  a rotational  analysis  of  the  C!IIr-.YI2+  system 
and  have  obtained  a value  of  BV(X)  = 0.1516  cm-1.  This  analysis  proved  a valuable 
asset  to  our  rotational  assignment  of  the  excitation  spectrum. 

II.  EXPERIMENTAL  DETAILS 

.1 . Production  of  CaCl 

CaCl  was  produced  in  a conventional  ( 6 ) flowing  metal  vapor  flame  of  Ca  + C1-.  using 
argon  as  a carrier  gas.  The  exothermic  reaction  produces  a red  chemiluminescent  glow 
characteristic  of  the  A-X  system  at  620  nm.  B-X  chemiluminescence  at  595  nm  is 
also  observed,  but  is  of  lower  intensity.  Because  the  intensity  of  the  chemiluminescence 
is  about  100  times  less  intense  than  the  laser  induced  photoluminescence  it  does  not 
interfere  with  the  recording  and  measurement  of  the  P-R  doublets.  In  addition,  the 
laser  was  chopped  at  6 kHz  and  only  the  ac  photoluminescence  was  detected. 

B.  Optical  Arrangement 

A Spectra  Physics  Model  580  single-mode  cw  dye  laser  operating  with  rhodamine-6G 
was  used  for  all  experiments.  The  dye  laser  was  pumped  with  about  1 W of  the  514.5  nm 
line  from  a Spectra  Physics  Model  164  argon-ion  laser.  Typical  output  power  from  the 
dye  laser  was  20  m\Y.  Rather  than  scanning  the  laser  continuously  by  simultaneously 
tuning  the  cavity  and  intracavity  etalon  electronically,  the  laser  was  swept  by  mechani- 
cally driving  the  dc  offset  to  the  etalon  with  a 1 rpm  clock  motor.  The  laser  output 
consisted  then  of  a single  line  with  width  ~20  MHz  stepped  along  in  500  MHz  incre- 
ments. Since  the  Doppler  width  of  lines  in  the  excitation  spectrum  is  1000-1500  MHz, 
the  500  MHz  steps  produce  a faithful  representation  of  the  spectrum.  The  laser  could 
be  scanned  about  200  GHz  before  jumping  to  an  adjacent  etalon  mode. 

About  4%  of  the  dye  laser  output  was  split  off  and  directed  to  a 3 GHz  FSR  spectrum 
analyzer  which  was  swept  by  a synchronous  voltage  ramp  and  displayed  on  an  oscillo- 
scope. Initially,  the  spectrum  analyzer  was  used  for  frequency  measurements,  however, 
oscilloscope  drift  and  an  imprecise  knowledge  of  the  free  spectral  range  meant  that 
frequency  differences  were  only  known  to  about  1%  accuracy.  The  spectrum  analyzer 
was  necessary  though,  to  ensure  the  single-mode  nature  of  the  laser  output.  Precise 
frequency  measurements  were  obtained  by  simultaneously  recording  a separate  excita- 
tion spectrum  of  1 2 vapor  along  with  that  of  CaCl  on  a dual  trace  recorder.  This  com- 
parative display  and  the  accurate  measurements  of  the  I2  spectrum  by  Simmons  and 
Hougen  (24)  were  used  for  final  line  position  measurements.  Unblended  lines  in  the 
excitation  spectrum  could  be  measured  to  ±500  MHz  (±0.02  cm-1). 

The  main  laser  beam  was  directed  through  a 6 kHz  mechanical  chopper  and  then 
.*  vertically  into  the  reaction  cell  through  a Brewster  window.  Resolved  photoluminescence 

was  monitored  through  aim  McPherson  monochromator  with  a typical  bandpass  of 
0.02-0.05  nm.  Broadbr  nded  photoluminescence  was  monitored  through  a 20  nm  band- 
pass interference  filter  centered  at  600  nm.  Both  broadbanded  and  resolved  photo- 
luminescence were  detected  with  an  RCA  1P28  photomultiplier  and  the  ac  signal 
directed  to  a PAR  Model  HR-8  lock-in  amplifier  and  strip  chart  recorder  combination. 
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Fig.  2.  A simple  portion  of  the  single-mode  cw  dye  laser  excitation  spectrum  of  CaCL  Most  spectra 
appear  more  complex.  The  P-branch  heads  due  to  both  Ca*‘CI  and  CV’Cl  are  visible  and  the  near 
coincidence  of  the  Pi  head  of  (1,  1)  and  the  Pi  head  of  (0,  0)  is  ap|>arent.  The  X2  scale  change  is  only 
approximate. 

A typical  trace  of  the  excitation  spectrum  obtained  by  sweeping  the  laser  while 
monitoring  the  total  photoluminescence  intensity  through  the  filter  is  shown  in  Fig.  2. 
Typical  S/N  is  about  100.  After  completion  of  such  a scan,  the  laser  was  reset  to  a 
particular  feature  in  the  excitation  spectrum  and  the  resolved  photoluminescence  was 
recorded  with  the  monochromator.  Typical  S/N  of  the  resolved  P-R  doublets  was  also 
100  and  the  line  separations  could  be  measured  to  ±0.2  cm-1.  The  laser  was  then  tuned 
to  the  next  line  in  the  excitation  spectrum  and  the  process  repeated. 

III.  DESCRIPTION"  OF  THE  SPECTRUM 

Beginning  at  high  frequency  and  stepping  the  laser  to  lower  frequency  results  in 
excitation  of  steadily  decreasing  R(X")  lines,  as  evidenced  by  the  corresponding 
.P(.V"  + 2)  appearing  at  lower  frequency  than  the  laser  line  in  the  photoluminescence. 
It  is  important  to  realize  that  because  the  spectrum  is  badly  overlapped  it  is  not  unusual 
to  simultaneously  excite  several  different  rotational  transitions  of  different  (r',  r") 
bands.  Indeed,  up  to  10  different  rotational  coincidences  of  comparable  intensity  have 
been  excited  simultaneously  in  portions  of  the  spectrum.  Successive  lines  in  a particular 
branch  were  often  separated  by  several  other  (»'■/',  v"J")  coincidences,  thus  making 
pattern  recognition  impossible;  photoluminescence  from  every  line  had  to  be  recorded. 
The  onset  of  the  first  low-.Y  /'-branch  coincidences  is  due  to  excitation  in  the  (0, 0) 
band.  Additional  evidence  for  excitation  into  the  (0, 0)  band  is  a corresponding  P-R 
doublet  in  the  Ar  = — 1 sequence  and  the  necessary  absence  in  the  Ar  = +1  sequence. 
As  the  laser  is  stepped  to  even  lower  frequency  than  the  (0, 0)  band  origin,  the  next 


i 
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low-iN'  ./’-branch  coincidences  observed  are  due  to  the  (1,1)  and  (2,2)  bands, 
respectively. 

At  low- A’  values  the  isotope  splitting  and  the  spin  rotation  splitting  are  less  than 
the  Doppler  width  and  are  not  resolved  for  the  (0,  0)  band.  The  simultaneous  excitation 
of  the  same  (0,  0)  Ca37Cl  transition  as  that  of  Ca33Cl  is  apparent,  however,  when  the 
(0, 1)  band  is  observed  in  the  photoluminescence.  Two  identical  P-R  doublets  arise, 
displaced  from  each  other  by 

5.16  ± 0.10  cm-1  = w."(l  - p)  - 2uvr«"(l  - p!),  (1) 

where  the  symbols  have  their  usual  meanings  (7). 

At  higher  .Y  values  the  isotope  splitting  and  the  spin-rotation  splitting  are  resolved 
in  the  excitation  spectrum.  The  P i (J  = X -f  $)  and  Pi  (J  = X — $)  branches  can  be 
followed  out  to  their  respective  heads,  as  shown  in  Fig.  2.  Because  of  laser  power  fluctua- 
tions, our  intensity  measurements  are  unreliable;  consequently  it  was  not  possible  to 
differentiate  between  P j,  Ri,  P>,  and  Ri  lines.  Thus,  our  experiments  cannot  unam- 
biguously determine  the  sign  of  the  upper-state  spin-rotation  constant,  y'.  Also  the 
FQit  and  RQn  branches  were  not  observed  because  of  the  unfavorable  Honl-London  (<?) 
and  partition  function  factors.  The  upper-state  spin-rotation  constant  y'  was  assumed 
to  be  negative  on  the  basis  of  Yan  Yleck’s  pure  precession  estimate,  (P)  an  assumption 
well  borne  out  previously  from  the  sign  of  the  A-doubling  constant,  p,  in  the  ,4!IIr  state 
of  CaF  (/).  The  final  values  of  y'  and  y"  obtained  from  the  analysis  of  the  B-X  system 
of  CaCl  also  fully  support  this  assumption.  Thus,  the  P»  head  of  the  (0, 0)  band  forms 
closest  to  the  band  origin,  while  the  P\  head  is  almost  coincident  with  the  Pi  head  of 
the  (1, 1)  band.  This  near  overlap  has  interesting  consequences  in  terms  of  a previous 
determination  (-/)  of  vibrational  temperatures  from  chemiluminescence  spectra.  Dis- 
cussion of  this  point  is  deferred  until  Section  Y. 

Continuous  series  of  lines  due  to  Ca37Cl  were  not  evident  because  of  their  lower 
intensity  and  were  thus  not  used  in  the  determination  of  the  constants.  However,  the 
heads  due  to  Ca37Cl  are  particularly  apparent  in  the  excitation  spectrum.  The  (0, 0) 
Pi  head  of  Ca37Cl  is  0.183  ± 0.017  cm-1  to  the  blue  of  the  corresponding  head  of  Ca33Cl, 
as  shown  in  Fig.  2. 

The  informative  photoluminescence  spectrum  shown  in  Fig.  3a  is  obtained  by  pump- 
ing slightly  to  the  blue  of  the  P<  head  of  the  Ca35Cl  (0, 0)  band.  The  laser  simultaneously 
pumps  Pi  (52)  through  P2  (61)  near  the  vertex  of  the  Fortrat  parabola  and  the  corre- 
sponding Ri  (50)  through  R-,  (59)  are  observed  in  the  photoluminescence.  The  lowest 
intensity  line,  R2  (54),  is  due  to  pumping  P2  (56)  about  1 GHz  (0.03  cm-1)  off  its  center 
frequency,  but  still  within  its  Doppler  profile.  The  fact  that  the  intensity  of  R < (53)  and 
Ri  (55)  is  greater  than  that  of  R2  (54)  shows  that  the  head  of  the  P2  branch  forms  at 
X"  « 56.  Figure  3b  shows  the  photoluminescence  with  the  laser  tuned  1 GHz  further 
to  the  red.  The  R>  (54)  is  now  most  intense  because  P2  (56)  now  has  the  most  favorable 
Doppler  overlap  with  the  laser.  This  value  of  A’max"  at  the  Pi  head,  in  conjunction  with 
Morgan  and  Barrow’s  (5)  value  of  Bo"  and  estimated  y0'  and  ya",  can  be  used  to  obtain 
an  initial  value  of  Bo  = 0.154  enr1  from  the  expression 

Bu  + Bo"  + \ (t</  — To") 

A ,i,nx  — . (2) 

2(/V  - Bo") 
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Fig.  3.  (a)  Photolumincscence  spectrum  of  CaCl  excited  by  a single-mode  cw  dye  laser  tuned  1 GHz 
(0.03  cm-1)  to  the  blue  of  the  Pt  head  of  the  (0, 0)  band,  (b)  Laser  tuned  to  the  P,  head  of  the  (0, 0) 
band. 

This  initial  estimate  proved  particularly  useful  in  understanding  general  features  of  the 
spectrum  such  as  the  position  of  the  Ca37Cl  heads  and  the  spin-rotation  splitting  of  the 
heads.  In  addition,  Eq.  (2)  provides  an  uncertainty  estimate  of  B',  which  was  used  in 
the  diagnostic  least  squares  {12)  data  treatment  described  later. 

Similar  features  to  those  described  above  for  the  (0,  0)  band  were  also  observed  for 
the  (1,  1)  and  (2,  2)  bands.  Approximately  300  independent  photoluminescence  spectra 
were  recorded  over  about  a 20  cm-1  region  extending  from  the  Pi  head  of  the  (1,1) 
band  to  higher  frequencies  in  the  R branch.  Observation  of  rotational  structure  in  this 
region  has  resulted  in  a complete  analysis  of  the  (0, 0),  (1,1),  and  (2,  2)  bands  of  Ca*’Cl. 
Excitation  spectra  were  not  recorded  in  any  dr  > 0 sequences  because  of  the  smaller 
Franck-Condon  factors.  Furthermore,  data  from  these  other  sequences  do  not  yield 
any  additional  spectroscopic  parameters. 

IV.  ANALYSIS 

The  P-R  separations  measured  from  the  resolved  photoluminescence  were  fitted  to 
the  expression  {13) 

d,E(.Y")  = F{ X"  + 1)  - F{X"  - 1) 

= (4 B,"  - 6 Dt") (-Y"  + })  - 8 D."{S"  + J)»,  (3) 

using  a standard  weighted  least  squares  procedure.  The  values  of  B,"  and  the  accuracy 
of  the  fit  were  used  primarily  to  confirm  the  assignment,  as  the  errors  in  measured  P-R 
separations  are  at  least  an  order  of  magnitude  larger  than  the  measured  frequency 
differences  in  the  excitation  spectrum. 
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The  assigned  transition  frequencies  in  the  excitation  spectrum  were  fitted  to  the 
normal  expressions  for  the  Pi,  P>,  R\,  and  R*  branches  (S)  using  a weighted  least  squares 
procedure.  The  rQ\t  and  *(_)s i satellite  branches  were  not  observed;  the  expected  in- 
tensity of  the  strongest  Q branch  is  more  than  three  times  weaker  than  the  intensity  of 
the  weakest  observed  P or  R branches.  Terms  due  to  centrifugal  distortion  were  in- 
cluded as  fixed  parameters  and  the  equations  used  to  fit  only  «>„,  B,',  B," , y,',  and  y,". 
Assigned  weights  were  the  reciprocal  of  the  uncertainty  squared.  Uncertainties  in  the 
measured  frequencies  of  lines  in  the  excitation  spectrum  were  estimated  as  follows:  (i) 
Unblended  lines  were  deemed  to  be  accurately  positioned  within  ±0.02  cm-1  (the  dye 
laser  cavity  mode  spacing)  because  tuning  the  laser  to  an  adjacent  mode  produced  a 
substantial  decrease  in  photoluminescence.  The  worst  case  is  that  of  two  adjacent  modes 
producing  the  same  intensity  of  photoluminescence,  (ii)  When  a line  consisted  of  over- 
lapped transitions  the  relative  intensity  of  each  was  determined  from  the  photolumines- 
cence spectrum.  The  relative  intensity  expected,  based  on  considerations  of  line  strengths 
and  Boltzmann  factors,  was  then  computed.  A low  measured  relative  intensity  was 
then  an  indication  that  although  the  laser  was  tuned  to  within  0.02  cm-1  of  the  maximum 
in  the  excitation  spectrum  it  was  off  the  line  center  of  the  particular  line  of  interest. 
The  relative  intensity  and  the  Doppler  width  provide  an  estimate  of  how  far  off  the 
center  frequency  the  laser  is  tuned  and  0.02  cm-1  is  added  to  this  value  to  account  for 
picking  the  overlapped  line  maximum  in  the  excitation  spectrum.  This  method  has  one 
obvious  shortcoming;  that  is,  all  the  overlapped  transitions  need  to  be  assigned  to 
calculate  the  expected  relative  intensity.  In  those  cases  where  the  problem  of  unassigned 
lines  was  encountered,  the  worst  situation  was  chosen;  that  is,  the  unassigned  lines  were 
given  zero  expected  intensity,  thus  overestimating  the  expected  relative  intensity  and 
maximizing  the  uncertainty.  Note  that  accurate  relative  weights  are  important  in  a 
problem  of  this  kind  because  the  Jacobians  of  the  parameters  B,',  B," , y,',  and  y,"  are 
.V  dependent.  Low-.V  values  arc  less  correlated  than  higher-.Y  values,  thus  the  values  of 
the  parameters  are  sensitive  functions  of  the  uncertainty  estimates  of  low-.Y  value 
transitions. 

The  form  of  the  equations  for  the  various  branches  of  interest  produces  problems  in 
the  least  squares  method  of  data  treatment.  The  normal  B matrix  of  least  squares  (15) 
is  near  singular  because  the  Jacobians  of  similar  parameters  (B/  and  B," , y'  and  y,") 
are  almost  identical  in  magnitude.  The  inversion  of  B to  obtain  the  solution  for  the 
parameters  and  the  covariance  matrix  is  thus  unreliable  and  the  method  of  diagnostic 
least  squares  described  by  Curl  (12)  is  more  appropriate.  In  fact,  the  diagnostic  option 
for  constraining  poorly  determined  parameters  proved  unnecessary,  but  the  pre- 
diagonalization  of  the  B matrix  prior  to  inversion  was  necessary  to  alleviate  the  nu- 
merical problems  of  the  near  singularity.  The  similarity  of  the  Jacobians  means  that  the 
variables  are  highly  correlated.  Examination  of  the  transformation  matrix  of  the  diag- 
nostic least  squares  procedure  (12)  serves  as  a reminder  that  (B,'-B,")  is  a sensitive 
/ function  of  the  input  data  but  that  the  independent  values  of  the  B,'  and  B,"  are  not 

as  well  determined.  The  same  problem  occurs  in  the  case  of  7/  and  y," . It  is  encouraging, 
however,  that  the  values  of  the  B,"  determined  from  A«F"(X)/ (N  + 5),  where  the 
correlation  problem  does  not  exist,  agree  well  within  the  uncertainty  limits  with  those 
obtained  from  the  direct  fit.  The  improved  statistics  obtained  by  fitting  to  many  data 
points  in  the  excitation  spectrum  have  minimized  the  effects  of  the  correlation  problem. 
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The  B"  values  obtained  from  the  photolumincsccnce  data  are  slightly  higher  than 
those  obtained  front  the  excitation  spectra  and  the  uncertainty  limits  do  not  overlap. 
> We  attribute  this  slight  discrepancy  to  an  underestimation  of  measurement  errors  in  the 

photoluminescence  data. 

Table  I lists  the  measured  transition  frequencies  used  in  the  diagnostic  least  squares 
« tit  along  with  the  deviation  from  the  calculated  values.  The  rms  deviation  of  the  fits  to 

the  (0,0),  (1,  If,  and  (2,  2)  bands  are  0.017,  0.016,  and  0.013  cm~’,  respectively. 

The  rotational  constants  and  spin-rotation  interaction  constants  obtained  from  the 
tit  are  given  in  Table  II.  Uncertainties  are  95%  confidence  limits  in  the  last  digit.  The 
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all-important  correlation  coefficients  between  the  parameters  are  also  tabulated.  For 
comparison  purposes  the  B,"  values  obtained  from  the  fit  to  the  P-R  separations  are 
also  quoted.  The  Bv"  value  of  0.15152  cm-1  is  in  very  good  agreement  with  Morgan 
and  Barrow's  (5)  value  of  0.15156  cm-1  from  analysis  of  the  C-,IIr-.Yi2+  system.  B.  and 
a,  were  obtained  from  a tit  of  the  Bo,  B\,  and  B->  to  the  expression  (7) 

Bt  = B.  - a.( v + J).  (4) 

D,  was  obtained  from  the  relation  (14) 

D.  = 4 «.»/«.*.  (5) 

The  three  band  origins  are  also  obtained  from  the  fit  and  are  used  to  obtain  T„ 
(u,'  — w,")  and  (avv/  — Measurement  of  the  line  positions  of  some  low-i\r 

P-R  doublets  in  the  (1, 0),  (1, 1),  and  (1,  2)  bands  gave  values  of  oi."  and  o>tX,"  limited 
by  monochromator  accuracy.  The  vibrational  constants  and  their  estimated  uncer- 
tainties are  listed  in  Table  III.  Note  that  correlation  is  not  a problem  in  this  case,  as 
the  band  origin  is  not  strongly  dependent  on  any  of  the  other  molecular  constants.  The 
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ground-state  constants  are  in  excellent  agreement  with  previously  accepted  values 
( 16-1S ).  Those  obtained  from  the  recent  vibrational  analysis  of  Darji  and  Shah  (19) 
based  on  bandhead  measurements  are  inconsistent  with  the  present  findings  and  reflect 
the  dangers  of  using  high-.Y  bandhead  data  for  an  accurate  vibrational  analysis. 

V.  DISCUSSION 

The  power  of  single-line  excited  photoluminescence  in  the  analysis  of  a severely 
overlapped  spectrum  has  been  demonstrated.  It  should  be  emphasized  that  overlapped 
lines  may  not  only  be  detected  and  unambiguously  assigned  by  this  technique  but  that 
their  frequency  can  also  be  precisely  measured  by  tuning  a monochromator  to  only 
the  P or  R partner  of  the  line  excited  and  peaking  the  photoluminescence  of  that  line 
only.  For  example,  consider  an  overlapped  line  in  the  excitation  spectrum  consisting 
of  P(i)  (0,  0)  and  R(3)  (1,  1).  The  precise  frequency  of  the  P( 7)  line  may  be  determined 
by  monitoring  only  R( 5)  through  a monochromator  and  tuning  the  frequency  of  the 
laser  to  maximize  that  intensity.  Similarly  the  frequency  of  R( 3)  may  be  measured  by 
setting  the  monochromator  to  maximize  P( 5)  only.  The  monochromator  may  then  be 
tuned  to  detect  only  the  next  line  in  a series  and  the  process  repeated.  In  principle,  the 
technique  could  be  used  to  assign  and  measure  rotational  structure  in  an  unresolved 
Doppler  overlapped  spectrum.  Fortunately  this  tedious  approach  was  not  necessary  in 
the  present  case;  however,  it  could  have  been  employed  to  decrease  the  uncertainty 
« limits  of  overlapped  lines. 

The  equilibrium  rotational  constant  is  reasonably  well  determined  by  our  fitting 
procedure;  however,  the  first-order  vibration-rotation  interaction  constant,  a,,  is  poorly 
t determined.  This  arises  as  a natural  result  of  a a,  being  a difference  between  already 

small  numbers.  Another  estimate  of  the  a,’s  is  possible  using  the  Pekeris  relation  (14) 

a.  = 6 (6) 
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and  our  experimental  values  of  B„  u„  and  w,.v«.  The  excellent  agreement  between  these 
values  of 

a, (A)  = 0.00065(6)  cm"1,5 
a.(fl)  = 0.00073(6)  cm-', 

is  probably  more  fortuitous  than  anything  else  because  of  the  large  experimental  un- 
certainty. However,  the  agreement  docs  serve  the  useful  purpose  of  providing  an 
internal  consistency  test  of  the  experimental  vibrational  and  rotational  constants.  A 
further  calculation  of  a,  based  on  the  Kittner  ionic  model  {20.  21)  is  also  in  agreement 
with  that  obtained  from  the  Morse  potential  to  which  Eq.  (6)  applies. 

The  B-state  spin-rotation  interaction  constant,  70',  is  in  good  agreement  with  the 
value  expected  on  the  basis  of  the  Van  Yleck  “pure  precession”  (0)  and  the  Zare  “unique 
perturber”  {11)  approximation.  The  calculated  value  (based  on  our  constants  of 
.-In  (spin-orbit)5  = -+-71.0  cm-1,  Bo  = 0.1539  cm-1,  En-E-*  = —722  cm-1)  and  the 
/-electron  value  (/  = 1)  is  70'  = —0.061  cm-1.  The  agreement  between  this  and  the 
experimental  value  of  70'  = —0.059  cm-1  indicates  the  one  electron  description  of 
.T IT r as  ut44/>7t  and  5--+  as  ur'lpo  is  particularly  appropriate.  Similar  conclusions  have 
been  reached  previously  in  studies  of  CaF  (/)  and  BaF  (22).  The  agreement  of  the  pure 
precession-unique  perturber  model  {9,  11)  suggests  that  it  is  useful  to  define  7/  in  a 
similar  manner  to  B-/  as 

7/  = 7.'  ~ «.'(*  + I)-  (7) 

The  7/  value  quoted  in  Table  II  was  obtained  from  70',  7/,  and  y2  using  Eq.  (7). 
7,"  is  the  assumed  value  of  0.003  cm-1.  However,  our  data  are  not  sufficiently  precise  to 
confirm  the  above  expression.  An  accurate  determination  of  the  variation  of  7/  and  7," 
with  vibrational  state  must  await  accurate  microwave  data.  Note  that  the  beautiful 
work  of  Dixon  and  Woods  {23)  on  the  microwave  spectrum  of  the  v--+  state  of  C\' 
reaches  a similar  conclusion  to  that  above  as  to  the  vibrational  dependence  of  7 
One  consequence  of  the  large  value  of  7'  and  the  small  difference  in  rotational  con- 
stants is  that  the  Pi  and  P<  heads  are  split  by  about  3 cm-1.  As  a result,  the  P\  head  of 
a (:',  r")  band  nearly  overlaps  the  /'•»  head  of  (r'  + 1,  t"  -f-  1)  bands  because  the 
difference  in  vibrational  frequencies  is  also  about  3 cm-1.  Low-resolution  chemilumines- 
cence spectra  (see  Fig.  1)  then  have  the  interesting  feature  that  the  (0,  0)  head  appears 
less  intense  than  the  (1,  l)head.The  (t',i")  bands,  where  r',  r"  > 1 , show  an  exponential 
decrease  in  intensity  with  v from  which  the  vibrational  temperature  has  prev  iously  been 
derived  by  Menzinger  (4).  The  deviation  of  the  (0,  0)  band  from  a Boltzmann  fit  was 
ascribed  to  a slight  population  inversion  between  v'  = 1 and  r'  = 0 (4).  However,  it  is 
the  near  overlap  which  makes  the  (1, 1)  head  appear  more  intense  than  the  (0,  0)  head. 

Finally,  it  should  be  mentioned  that  ultraviolet  photoluminescence  has  also  been 
observed  when  CaCl  is  excited  with  a rhodamine-6G  dye  laser;  a result  of  optical -optical 
double  resonance  which  initially  pumps  — » 1FZ+  and  then  B\2+->E*Z+.  This 

immediately  suggests  the  experiment  of  using  two  dye  lasers;  the  first  tuned  to  select  a 
particular  rotational  state  of  B-Z+,  and  the  second  scanned  over  its  tuning  range  to 


5 Uncertainties  are  95r  { confidence  limits  in  the  last  digit. 

’ From  A = **(Q  = §)  — *-o(tt  = )/  + IB  and  measurement  of  the  spacing  of  the  Q heads  in  the 
Ca  + Clj  luminescence. 
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obtain  a excitation  spectrum.  Rotational  analysis  of  the  £T-2J+  state  is  then 

particularly  simple  as  a result  of  knowing  the  intermediate  (/fJ~+)  state  rotational  level 
k and  measuring  the  P-R  separation  in  the  excitation  spectrum.  Another  double-resonance 
experiment  to  be  attempted  is  the  microwave  -optical  double-resonance  (MODR)  (J) 
spectrum  to  obtain  both  ground-state  A'--+  and  excited-state  B‘~+  spectroscopic  con- 
( stants  more  precisely.  Both  states  have  the  interesting  complication  of  nuclear  spin- 
electron  spin  interactions  and  nuclear  quadrupole  hyperane  structure,  both  of  which 
provide  additional  information  on  the  molecular  structure. 
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LETTER  TO  THE  EDITOR 

The  Rotational  Spectrum  of  the  X2s+  State  of  the  Ca35CI  Radical 
Using  Laser  Microwave  Optical  Double  Resonance1 

Peter  J.  Domaille,  Timothy  C.  Steimle,  and  David  O.  Harris 

Quantum  Institute  and  Department  of  Chemistry,  University  of  California, 

Santa  Barbara,  Santa  Barbara,  California  9JIU6 

In  a recent  paper  we  reported  a rotational  analysis  of  the  system  of  CaCI 

using  cw  dye  laser  excitation  spectroscopy  (7).  At  that  time  we  indicated  that  micro- 
wave  optical  double  resonance  (MODR)  (<?,  3)  could  be  performed  to  yield  more  precise 
ground  state  rotational  constants.  That  study  has  since  been  completed  and  we  report 
here  more  accurate  constants  for  the  A's2+  and  B- 2+  states  derived  from  the  combined 
optical  and  microwave  measurements. 

Because  a laser  excitation  study  of  the  B22+-A"2+  system  of  SrF (4)  and  a correspond- 
ing MODR  study  (J)  of  the  A'22+  state  were  completed  nearly  simultaneously  with  this 
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work,  no  detailed  discussion  of  the  experiments  or  the  methods  used  to  treat  the  CaCl 
data  are  given  here. 

The  measured  microwave  transition  frequencies  and  their  associated  uncertainties  are 
listed  in  Table  I.  The  broad  MODR  line  widths  prevented  measurements  of  any  hyper- 
fine  structure,  hence  line  positions  were  fitted  to  the  simple  expression  (J,  5) 

*(.V -»  .V  + 1)  = 2 B,(.Y  + 1)  - 4Z)(.Y  + l)3  ± y,/2  (1) 

using  a weighted  least  squares  procedure.  The  data  are  not  sufficiently  precise  to  derive 
an  accurate  value  of  D,  hence  it  was  fixed  and  Eq.  (1)  used  to  fit  B"t  and  y", 

for  s"  = 0 and  1.  The  constants  derived  from  the  fit  are  collected  in  Table  II.  The 
values  are  in  good  agreement  with  those  derived  from  the  optical  study  (1)  but  represent 
a 50-fold  increase  in  precision.  Because  of  the  increased  accuracy  of  the  microwave 
results  and  the  high  degree  of  correlation  of  the  constants  obtained  from  the  optical 
study,  the  two  sets  of  data  (/)  have  been  merged  (6)  to  obtain  more  precise  constants 
for  both  the  and  states.  Results  are  collected  in  Table  III. 

A word  of  caution  concerning  the  B parameters  in  the  B-’2+  state  is  necessary.  The 
value  listed  is  simply  the  .Y(.V  + 1)  coefficient  in  the  rotational  energy  expression  and 
does  not  directly  represent  (l/rJ),  for  the  B22+  state.  The  B-Z  and  ATI  states  are  in 
pure  precession  (/,  7)  and  hence  the  true  rotational  constant  is  contaminated  by  an 
electronic  contribution,  q*.  The  pure  precession  estimate  (/)  of  q*  ~ —y B/A  must  be 


Ca  Cl  spectroscopic  constants  for  the  X . and  3 
combining  microwave  and  optical  data. 
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subtracted  from  the  quoted  H value  to  retain  a strictly  mechanical  significance.  This  is 
an  important  consideration,  for  example,  when  calculating  Franck-Condon  factors. 
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REFERENCES 

1.  P.  J.  Domaille,  T.  C.  Steimle,  X.  H.  Wong,  and  D.  O.  Harris,  J.  Mol.  Sped  rose.  65,  554-365 
(1977). 

2.  R.  W.  Field,  A.  D.  English,  T.  Tanaka,  I).  O.  Harris,  and  D.  A.  Jennings,  J.  Client.  Pins.  59, 
2191  (1973,1. 

3.  P.  J.  Ho  mail  le,  T.  C.  Steimle,  and  D.  0.  Harris,  submitted  for  publication. 

4.  T.  C.  Steimle,  P.  J.  Domaillk,  and  I).  O.  Harris,  submitted  for  publication. 

5.  \V.  Gordy  and  R.  L.  Cook,  “Microwave  Molecular  Spectra,”  Interscience,  New  York,  1970. 

6.  D.  L.  Albritton.  A.  L.  Schmeltekopf,  and  R.  N.  Zare,  “Molecular  Spectroscopy:  Modem 
Research”  t,K.  Xarahari  Rao  and  K.  W.  Matthews,  Eds.),  Yol.  II,  Academic  Press,  New  York.  1976. 

7.  R.  X.  Zare.  A.  L.  Schmeltekopf,  W.  J.  Harrop,  and  I).  L.  Albritton,  J.  Mol.  Spedrosc.  46,  37 
(1973). 

I I 


L 


I 

Optical-optical  double  resonance  with  two  dye  lasers: 
Rotational  analysis  of  the  E2i-B2i  system  of  Ca35CI 
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A complete  rotational  analysis  of  the  E21,-B2S.  system  of  CaCi  has  been  accomplished  using  two  tunable 
d>e  lasers.  The  first  cw  laser  is  tuned  to  a known  B transition  to  produce  a finite  concentration 

of  molecules  in  a particular  quantum  state.  Subsequently,  a second  pulsed  dye  laser  is  used  to  record  the 
E!i-B  ;X  excitation  spectrum  from  this  state  prepared  level.  The  method  vastly  simplifies  an  otherwise 
congested  molecular  spectrum.  The  data  are  combined  with  previous  microwave  measurements  on  the  X 
state  and  optical  data  on  the  B 25-Al  system  to  give  the  following  molecular  constants  (cm-1). 
Uncertainties  are  95%  confidence  limits  in  the  last  digit. 


X2X 

B2X 

E2X 

Tt 

0 

16  856.69(2) 

34268.17(98) 

<*>, 

369.8(10) 

366.8(10) 

413.7(16) 

UeX' 

1.13(20) 

1.28(20) 

1.67(82) 

B, 

0.1522325(45) 

0.1546940(82) 

0.163412(17) 

a. 

7.998(39)  X 10-" 

8.839(67) X 10-* 

8.66(10)  X 10 

7a,(spin  rotation) 

0.00135(6) 

-0.0652(2) 

0.0046(5) 

I.  INTRODUCTION 

The  realm  of  laser  excitation  spectroscopy  can  be 
greatly  extended  in  energy  coverage  with  the  use  of  two 
lasers  to  perform  optical-optical  double  resonance 
(OODR).  Usually,  spectroscopic  states  with  energies 
greater  than  2.5  eV  are  not  readily  accessible  from  the 
ground  state  by  a single  resonance  because  of  the  lim- 
ited wavelength  range  of  present  laser  systems.  How- 
ever, the  use  of  two  lasers  in  a double  resonance  ex- 
periment, extends  this  limit  to  about  5 eV  by  utilizing 
an  intermediate  state  as  a "stepping stone.”  Further- 
more, if  these  intermediate  states  of  a molecule  are 
well  characterized  spectroscopically,  the  assignment 
of  double  resonance  transitions  becomes  a trivial  task 
and  the  subsequent  analysis  is  greatly  simplified. 

The  principal  information  to  be  gained  from  OODR 
experiment  is  exemplified  in  the  study  of  Field  and  co- 
workers.1  Specifically,  two  types  of  experiments  may 
be  performed,  each  providing  data  on  different  electronic 
states.  First,  the  dispersed  photoiuminescence  from 
the  terminal  level  (r*,  J*)  may  be  recorded  with  both 
lasers  held  at  fixed  frequencies,  or,  alternatively,  the 
laser  connecting  the  intermediate  state  (v‘  ,J')  to  the 
final  state  ( v *,  J*)  may  be  swept  in  frequency  to  produce 
an  excitation  spectrum.  These  possibilities  are  depicted 
schematically  in  the  three  level  system  shown  in  Fig.  1. 
Measurement  of  the  resolved  photoiuminescence  gives 
information  about  the  ground  state  (r or  other 
low  lying  states,  while  the  excitation  spectrum  (t>*,  J* )- 
probes  the  structure  of  the  intermediate  and  final 

states. 

In  addition  to  the  increased  energy  coverage,  the  fun- 
damental advantage  of  the  OODR  method  over  conven- 
tional laser  excitation  spectroscopy  is  due  to  the  state 
selectivity  of  the  method.  In  an  OODR  experiment  the 
first  laser  prepares  one  particular  quantum  state  of  the 


molecule  for  the  subsequent  excitation  spectrum.  In 
contrast,  excitation  spectroscopy  of  a gas  phase  mole- 
cule at  room  temperature  involves  transitions  from 
many  rotational  and  vibrational  levels  of  all  isotopic 
species.  Hence,  the  advantage  of  the  two  laser  excita- 
tion spectrum  is  the  simplification  of  the  spectroscopy. 

On  completion  of  the  laser  excitation  study  of  the 
BzZ-XzZ  system  of  CaCl2'5  it  was  apparent  that  the 
3*Z  state  was  an  ideal  intermediate  state  for  excitation 


FIG.  1.  Schematic  diagram  of  the  energy  levels  Involved  In 
a typical  OODR  experiment.  The  heavy  line  full  arrows  cor- 
respond to  the  PR  doublet  observed  at  low  pressures  while 
the  lighter  line  full  arrows  refer  to  additional  transitions 
caused  by  collisional  relaxation  in  the  fl  JZ , v’  state. 
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FIG.  2.  Schematic  of  experi- 
mental arrangement  for  ob- 
taining OODR.  The  following 
abbreviations  have  been  used: 
M — mirror;  B — beam  split- 
ter; F — filter;  PD — photo- 
diode; PMT — photomulti- 
plier; CRT — oscilloscope  to 
monitor  the  single  frequency 
cw  dye  laser.  The  plcoam- 
meter  detects  the  iodine  ex- 
citation spectrum  for  fre- 
quency calibration  of  the 
pulsed  dye  laser. 


into  the  higher  lying  electronic  states,  DlZ,  E*Z  and 
F‘ n.  All  of  these  states  are  amenable  to  study,  via  the 
B*Z  state,  using  a second  laser  in  the  530-700  nm 
range.  We  report  here  a complete  rotational  analysis 
of  the  E2Z-B2Z  band  system  using  an  additional  laser, 
operating  between  555-575  nm,  to  obtain  excitation  spec- 
tra from  several  (t •' ,J')  levels  of  the  BzZ  state.  The 
results  indicate  the  dramatic  simplification  obtainable 
in  an  otherwise  severely  overlapped  band  system. 

The  only  previous  report  of  the  E-B  system  was  the 
study  of  Khanna  and  Dubey4  where  the  band  system  was 
obtained  in  emissionfroma  CaCl2  arc.  The  identifica- 
tion of  the  bands  is  consistent  with  the  known  positions  of 
the  E - Xi  and  B - X2  systems  but  the  bands  are  badly 
overlapped  by  the  B -X  system  making  a rotational 
analysis  impossible.  This  overlapping  band  system 
problem  is  also  circumvented  using  OODR. 

II.  EXPERIMENTAL 

Figure  2 shows  a schematic  diagram  of  the  experimen- 
tal arrangement  for  obtaining  the  OODR  excitation  spec- 
trum of  the  E-B  system.  A Spectra-Physics  model 
580  cw  dye  laser  is  directed  horizontally  into  the  CaCl 
cell  and  tuned  to  a known  B2Z-X2Z  transition.2  The 
narrowed  output  from  a Chromatix  CMX-4  flashlamp 
pumped  dye  laser  is  contrapropagated,  collinear  with 
the  cw  beam,  and  the  resulting  undispersed,  pulsed, 
uv  photoluminescence  detected  at  right  angles  through 
a visible  cutoff  filter  (Corning  CS7-51).  This  method 
of  detecting  the  OODR  signal,  as  the  appearance  of  uv 
photoluminescence,  is  a much  more  sensitive  indicator 
of  double  resonance  than  detecting  the  decrease  in  the 
visible  B-X  photoluminescence,1  because  of  the  low 
duty  cycle  (~  5x  10'5)  of  the  pulsed  laser.  Furthermore, 
detecting  the  appearance  of  emission  over  a zero  back- 
ground light-level  is  much  easier  than  observing  a de- 
crease of  intensity  against  a strong  background. 


The  cw  laser  was  operated  with  about  35  mW  of  power 
concentrated  in  a single  longitudinal  mode,  producing  a 
bandwidth  of  about  20  MHz.  The  pulsed  dye  laser,  us- 
ing Fluorol  555 , * was  also  operated  with  an  intracavity 
etalon,  reducing  the  bandwidth  to  about  0.08  cm"1  over 
a tuning  range  of  between  50  and  100  cm"1.  Scanning 
the  frequency  of  the  pulsed  laser  produces  an  £-B  ex- 
citation spectrum  originating  in  a particular  B2Z{v' , S) 
level.  No  attempt  was  made  to  measure  the  dispersed 
photoluminescence. 

The  pulsed  OODR  signal  was  processed  through  a 
PAR  model  CW-1  boxcar  integrator  and  recorded  on 
one  channel  of  a dual  trace  recorder . The  boxcar  was 
triggered  externally  by  directing  a portion  of  the  pulsed 
beam  to  a photodiode. 

For  precise  line  position  measurements,  an  excita- 
tion spectrum  of  molecular  iodine  was  simultaneously 
recorded  by  directing  a portion  of  the  pulsed  beam 
through  a cell  containing  12  vapor.  The  resulting  photo- 
current was  directed  to  a Keithley  picoammeter, 
smoothed  by  a 3 sec  time  constant,  and  displayed  on  the 
other  channel  of  the  dual  trace  recorder.  To  compen- 
sate for  any  difference  in  response  time,  the  superimposed 
spectra  were  obtained  for  both  directions  of  laser  sweeps. 

The  production  of  CaCl  is  identical  to  that  described 
previously.2  Calcium  metal  is  resistively  heated,  and 
the  vapor  entrained  in  an  argon  carrier  gas  and  swept 
into  the  reaction  zone  where  it  is  mixed  with  molecular 
chlorine.  The  pressure  in  the  reaction  cell  was  main- 
tained at  between  0.3  and  3 torr. 

III.  EXCITATION  SPECTRUM  AND  NUMERICAL 
ANALYSIS 

A.  Description  of  the  excitation  spectrum 

A typical  OODR  excitation  spectrum  is  illustrated  in 
Fig.  3.  Compared  with  the  previous  B2Z-X2Z  excita- 
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FIG.  3.  A typical  E 3Z  -B  2I  excitation  spectrum  from  a pseudo- 
state selected  BiZ  state.  The  cw  laser  selects  v’  = 0,  At ' = 11, 

J’  = 10.5  by  pumping  B :l-X2Z  (0,0)Pa(12).  The  pressure  in 
the  cell  is  around  2 torr  so  that  rotational  relaxation  into  ad- 
jacent states  occurs  producing  a much  simplified  portion  of 
the  E -B  band  system . The  two  lines  beyond  the  P->  head  (at 
17  845.7  cm*1)  are  due  to  additional  unassigned  B-X  coinci- 
dences and  subsequent  double  resonance.  Line  asymmetry  is 
due  to  the  response  time  of  the  detection  system  in  recording 
this  survey  scan.  Line  position  measurements  were  made  on 
scans  taken  at  one  tenth  of  the  above  rate. 

tion  scans,2  the  spectrum  is  remarkably  simple  due  to 
the  selective  population  of  the  BzZv'  = Q,  N' = 11  state 
of  Ca35Cl.  In  fact,  in  the  absence  of  any  rotational  re- 
laxation, this  spectrum  would  contain  only  two  lines, 

Pt(  11)  and  fi2(ll),  following  from  the  selection  rules 
and  intensity  considerations  for  a 2Z  - 2£  transition. 9 
However  in  Fig.  3,  the  pressure  in  the  cell  has  been 
deliberately  increased  to  - 2 torr  to  enhance  the  inten- 
sity of  the  collisionally  relaxed  lines.  The  advantage 
of  operating  at  these  moderate  pressures  is  that  many 
lines  of  a band  system  can  be  obtained  in  one  excitation 
scan  while  still  retaining  enough  state  specificity  to 
maintain  the  simplicity  of  the  rotational  assignment. 

The  labeling  of  rotational  quantum  numbers  is  trivially 
simple  because  the  3 state  (o'  ,J')  level  is  already  as- 
signed from  the  B-X  analysis.2 

Two  other  features  of  Fig.  3 warrant  further  discus- 
sion. First,  the  magnitude  of  the  rotational  relaxation 
cross  section,  and  second,  the  absence  of  the  more  en- 
ergetically favorable  Fz-Fl  transfer. 

The  radiative  lifetime  of  the  Bz2  state  is  known  to  be 
38.2  nsec1  corresponding  to  a fluorescent  rate  constant 
of  about  2,6xloT  sec'1.  At  a total  pressure  of  2 torr  the 
hard  sphere  collision  rate  is  also  around  2.6X107  sec'1. 
Thus,  in  the  absence  of  electronic  quenching,  the  rota- 
tional relaxation  cross  section  is  around  one  in  five  hard 
sphere  collisions  because  the  intensity  of  the  relaxed 
lines  is  about  20^  of  the  directly  pumped  state.  These 
considerations  are  indeed  approximate  but  the  observa- 
tions do  demonstrate  the  feasibility  of  using  high  resolu- 


tion OODR  methods  in  evaluating  detailed  rotational  re- 
laxation kinetics. 

To  a trained  pattern  recognition  spectroscopist,  the 
spectrum  in  Fig.  3 could  well  be  mistakenly  identified 
as  a transition  because  the  characteristic  doubling 

of  branches  encountered  in  systems*  is  absent. 

This  occurs  because  the  rotational  relaxation  is  restricted 
to  the  spin  manifold  (J=N±S)  in  which  the  molecule  was 
originally  prepared;  there  are  no  apparent  Fl(J  = N + S) 

— FZ(J=S-S)  transfers.  Had  there  been  transfer,  the 
spectrum  would  have  appeared  more  complex.  Ener- 
getically this  phenomenon  is  somewhat  surprising  since 
the  rotational  spacings  are  between  10  and  200  times 
larger  than  the  spin  doubling  splittings.  The  rotational 
relaxation,  resulting  from  collisions  with  the  argon 
carrier  gas,  appears  to  obey  the  propensity  rules  &J=±  1 
and  parity  + = -which  implies  that  they  are  of  "dipole 
type.”  Although  chemical  systems,  in  which  collisional 
relaxation  processes  adhere  to  certain  propensity  rules, 
have  been  previously  investigated,  *• 10  we  are  not  aware 
of  any  prior  studies  on  excited  2S  states. 

It  would  be  worth  while  pursuing  this  observation  with 
additional  experimental  studies  to  attempt  to  unravel  the 
details  of  rotational  relaxation  is  open  shell  molecules. 

Based  on  the  reproducibility  of  the  data  from  careful 
interpolation  between  reference  iodine  lines,11  the  esti- 
mated standard  deviation  of  the  measurement  error  dis- 
tribution is  - 0.02  cm'1.  The  linewidth  limitation  in  the 
excitation  spectrum  is  due  to  the  0.  08  cm'1  bandwidth 
of  the  pulsed  laser.  Naturally,  with  two  single  mode 
cw  lasers  a substantial  decrease  in  this  linewidth  would 
be  realized  because  of  the  partial  Doppler  width  cancel- 
lation, 12  Further  pursuit  of  this  aspect  of  OODR  could 
well  provide  higher  precision  measurements  of  uv 
states  relative  to  the  precise  iodine  visible  frequency 
standards. 11 

B.  Numerical  procedures 

Approximately  100  lines  in  each  of  the  (0,0),  (1,0)  and 
(2,1)  bands  of  the  E-B  system  were  used  in  the  numeri- 
cal analysis . Line  position  measurements  were  least 
squares  fitted  using  the  "direct  approach”  method  de- 
scribed by  Zare  et  al.u  to  obtain  and 

y 'v.  The  parameters  superscripted  with  an  asterisk 
designate  those  of  the  E*Z  state  while  those  with  a single 
prime  superscript  refer  to  the  B2£  state.  D,  was  in- 
cluded in  the  fits  but  was  held  fixed  at  4Bj/wJ  in  all 
cases. 

Line  positions,  which  are  available  from  the  authors 
upon  request  list  the  measured  raw  data  used  in  the  fits 
along  with  deviations  from  the  fitted  values.  The  stan- 
dard deviation  of  the  fits  to  the  (0,0),  (1,0),  and  (2, 1) 
bands  are  0.020,  0.018,  and  0.020  cm'1,  respectively. 

In  spite  of  the  high  precision  of  these  fitted  data,  pa- 
rameter correlation  must  be  considered  when  interpret- 
ing the  accuracy  of  thederived  constants;  thedifference 
in  constants  is  the  most  precisely  determined  quantity. 
Fortunately,  an  independent  precise  measurement  of 
the  microwave  spectrum3  yields  accurate  absolute  X- 
state  constants  so  that  with  the  strong  correlation,  this 
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nts*  derived  from  the  present  and  previous  experimental  work  on  the  X , B‘ 2 and 


Optical* 

B 2Z  (»')— X *2  (v") 

Microwave' 

X*2(v") 

Merge  ld 

OODR* 

£!I(ri)-B!  2(v') 

Merge  2* 

(0,0) 

v"  = 0 

(0,0) 

n 

16  855.1403(20) 

16855.1426(37) 

16  855.1432(25) 

B’o' 

0.151532(82) 

0.1518333  (36) 

0. 1518332 (23) 

0.1518331  (28) 

0.0071  (38) 

0. 001364 (90) 

0.001363  (55) 

0.001365  (72) 

B'o 

0.153937  (86) 

0.1542559(52) 

0.154208(85) 

0.1542525(43) 

v, 

-0.0592(40) 

-0.065243(23) 

-0.0659  (88) 

-0.06525(17) 

To 

17  434.8414(68) 

17  434.8364(69) 

Bo* 

0.162934(85) 

0.162979(10) 

>• 

0.0039  (86) 

0.00467(37) 

(0,0) 

v"  = 0 

(1,0) 

r. 

16  855.1403(20) 

16  855.1426(37) 

16  855.1433(26) 

B’o' 

0.151532(82) 

0. 1518333  (36) 

0.1518332(23) 

0.1518331  (29) 

Vo' 

0. 0071 (38) 

0. 001364  (90) 

0.001363(55) 

0. 001364  (72) 

B’o 

0.153937(86) 

0.1542559(52) 

0.154197 (84) 

0. 1542525  (44) 

Vo 

-0.0592(39) 

-0.065243(23) 

-0.0693(79) 

-0.06525  (17) 

T* 

17  845.1993(57) 

17  845. 1954  (61) 

*t* 

0.162057(83) 

0.162113(10) 

>r 

0.0000(78) 

0. 00400  (46) 

16  851.8255(22) 

0.151114(53)  0.1510333(31) 


-0.0013(32) 
0.153453  (57) 
-0.0682(32) 


0.001342  (78) 


16  851.8262  (39) 
0.1510332(17) 
0.001342 (45) 
0.1533671(71) 
-0.065550(28) 


0.153372(85) 
-0.0675  (88) 

17  887.9588  (72) 
0.161253  (86) 
0.0026  (87) 


16  851.8262(26) 

0. 1510334  (23) 
0.001340(58) 
0.1533673(52) 
-0.06513(19) 

17  867.9587  (72) 

0.161248(10) 
0.00499  (38) 


•The  double  primed  constants  ('')  refer  to  the  X z2  state,  the  single  prime  (')  refers  to  the  B 22  state  and  the  aster- 
isk (*)  refers  to  the  E 2 2 state.  In  all  cases  the  centrifugal  distortion  constants,  D,,  were  held  fixed  at  4bJ/o>5. 
Numbers  in  parentheses  refer  to  95%  confidence  limits  in  the  last  digit. 

‘Constants  derived  from  the  B 2 2— AT  2E,  (v‘ , u")  excitation  spectra  described  in  Ref.  2. 

'Constants  derived  from  the  microwave  spectrum  of  the  X JI , v"  state  described  in  Ref.  3. 

“’Constants  obtained  from  a combined  fit  of  constants  from  (b)  and  (c). 

•Constants  from  the  present  work  on  the  excitation  spectrum  of  the£22-Bi2(v*,v')  system. 

'Final  results  from  merging  (b),  (c)  and  (e). 


I 


precision  of  the  ground  state  constants  is  projected  into 
the  B2£  and  £22  state  values. 

Albritton  et  al.u  have  detailed  this  correlated  least 
squares  approach  to  the  combined  fitting  of  spectroscopic 
data.  First,  separate  least  squares  fits  to  the  data  from 
different  analyses  are  performed.  Then,  provided  cer- 
tain criteria  are  fulfilled,  the  parameters  and  the  covari- 
ance-variance matrices  are  combined  to  obtain  the 
unique  set  of  minimum  variance  linear  unbiased 
(MVLU)  parameters  for  all  states.  In  the  present  case, 
the  superior  precision  of  the  microwave  measurements 


in  the  X state  is  projected  into  both  the  E-  and  B-state 
constants  by  merging  the  results  of  the  MODR,  * B-X 
optical  analysis,2  the  OODR  excitation  spectrum. 

One  important  criterion  for  this  second  step  is  that 
the  constants  in  common,  derived  from  the  first  step, 
should  agree  within  a reasonable  error  limit,  say  95% 
confidence  limits.  Failure  of  this  condition  may  be  an 
indication  of  systematic  errors  in  the  data  or  model 
equations  and  the  estimates  of  the  "true”  values  of  the 
parameters  lose  credibility.  Of  course  these  require- 
ments of  parameter  consistency  are  particularly  strin- 
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TABLE  U.  Equilibrium  spectroscopic 
constants  for  the  E 2S  state. 

T,  34  268. 17  (98)  cm"* 

w,  413.7(16)  cm'1 

1.67(82)  cm'1 

B,  0.163412(17)  cm"1 

a,  8. 66  (10)  x lO*4  cm’1 


gent  in  merging  of  data  from  three  independent  sources. 
Firstly,  the  X-state  constants  are  common  to  both  the 
B-X  optical  analysis2  and  MODR  study3  while  the  in- 
state constants  are  common  to  both  the  OODR  and  B-X 
analyses.  Any  systematic  error  in  the  B-X  analysis 
will  thus  be  revealed  twice. 

Columns  1 and  2 of  Table  I provide  an  example  of  a 
minor  discrepancy  in  the  B value  determined  from  the 
B-X  analysis2  and  from  the  microwave  measurements. 
Not  surprisingly , the  B'0  values  from  the  OODR  and  B- 
X analyses  are  also  in  slight  discord.  In  contrast,  the 
values  of  B['  and  B\  are  in  satisfactory  agreement.  The 
slight  difference  in  constants  is  attributed  to  the  asym- 
metry of  the  B-X  (0,0)  line  position  data  about  the  band 
origin;  the  measured  lines  are  predominantly  P branches 
with  very  few  R branches  being  assigned.2  Conversely, 
the  (1,1)  band  contains  more  equal  numbers  of  data  from 
P and  R branches.  As  a result,  the  B0  values  are  very 
sensitive  to  minute  systematic  errors  in  the  data  or 
model  equations  while  the  effect  on  B j is  much  less  pro- 
nounced. For  example,  a 10%  variation  in  the  (frozen) 
centrifugal  distortion  constant  changes  B'0'  sufficiently 

Ito  bring  it  into  accord  with  the  microwave  data,  while 

B(  is  scarcely  affected.  Similarly,  B'a  is  inbetter  agree- 
ment with  the  OODR  determination.  Fortunately  how- 
ever, the  difference  in  the  constants,  B'-B" , which  is 
the  important  quantity  that  is  merged  with  the  precise 
microwave  data,  is  much  less  sensitive  to  any  slight 
systematic  error.  Thus,  merging  the  optical  and  mi- 
crowave data  results  in  no  significant  inaccuracy  in  the 
derived  constants.  A further  indication  of  the  validity 
of  merging  these  two  sets  of  constants  is  the  improved 
agreement  of  the  resulting  B g value  with  that  of  the 
OODR  work. 

The  results  of  all  the  least  squares  fits  are  contained 
in  Table  I.  Merge  2 represents  the  optimum  set  of  pa- 
rameters for  the  X,  B and  E states  from  all  the  mea- 
sured data. 

The  (0,0),  (1,0),  and  (2,1)  band  origins  of  the  E-B 
system  were  used  to  determine  T,  and  vibrational  con- 
stants for  the  E-state  using  the  previously  obtained  con- 
stants for  the  B state.2  These  values  are  listed  in  Ta- 
ble II. 

The  rather  large  error  limits  are  due  to  the  uncer- 
tainties in  vibrational  constants  from  the  B-state  being 
propagated  through  the  calculation. 

IV.  DISCUSSION 

Few  high  lying  electronic  states  have  been  previously 
studied  by  laser  excitation  spectroscopy.  In  general, 


access  to  states  beyond  the  present  tuning  range  of  dye 
lasers  occurs  via  metastable  states  produced  in  chemi- 
cal reactions  or  electrical  discharges. 15, 18  However, 
the  OODR  technique  can  be  successfully  applied  to  short- 
lived intermediate  states  since  the  first  laser  adequately 
populates  such  strong  transitions.  Furthermore,  the 
state  selectivity  of  the  first  laser  dramatically  simpli- 
fies electronic  band  systems  compared  with  those  ob- 
tained from  Boltzmann  equilibrium  metastable  states. 
Both  of  these  aspects  of  OODR  are  clearly  evident  in  the 
present  study  of  the  £2£-B2E  system  of  CaCl.  First, 
although  the  B-state  has  a radiative  lifetime  of  only 
38.2  nsec,7  the  laser  induced  steady  state  population  is 
sufficiently  high  to  pose  no  difficulty  to  detection  of  a 
subsequent  laser  excitation  spectrum.  And  second,  the 
excitation  spectrum  shown  in  Fig.  3 is  uncomplicated 
by  overlapping  spin  doubled  branches,  vibrational  se- 
quences, other  band  systems,  and  additional  isotopic 
species.  The  subsequent  rotational  analysis  is  thus 
trivial  compared  with  the  labor  usually  associated  with 
a conventional  analysis . 

The  E-state  constants  call  for  little  comment.  The 
analysis  confirms  the  identification  as  a *£  state  and 
the  vibrational  constants  are  in  accord  with  previous  re- 
ports.4,5 Moreover,  the  value  of  is  in  excellent 
agreement  with  that  obtained  from  the  Pekeris  relation17 
using  the  derived  values  of  B,,  w#,  and  a,. 

The  7%  decrease  in  the  E- state  bond  length  compared 
with  the  X-state  value  is  probably  a simple  indication 
of  the  nonbonding  4sct(X2Z)  electron  becoming  more 
bonding  in  nature  upon  excitation.  The  small  value  of 
the  spin  rotation  constant  may  indicate  that  the  E state 
is  also  primarily  an  so  configuration.  Furthermore, 
the  close  similarity  of  the  energies  of  the  E states  of 
the  homologous  series  CaF,  CaCl  and  CaBr18  indicates 
that  the  energy  is  essentially  independent  of  the  halide 
and  is  more  characteristic  of  the  metal  atom.  Thus, 
we  tentatively  propose  the  £2£  state  is  primarily  as- 
sociated with  the  electron  in  the  5scr  orbital  located  on 
the  metal  atom. 

Additional  experiments  on  the  radiative  lifetime  of  the 
E2E  state,  and  the  relative  transition  moments  of  the 
E-A,  E-B,  and  E-X  systems  are  at  present  being  un- 
dertaken with  the  aim  of  a more  thorough  characteriza- 
tion of  the  E-state. 
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Rotational  Analysis  of  the  B 2s^-X  zj;  + System  of  SrF 
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Santa  Barbara,  California  93106 


A rotational  analysis  of  the  (0.  01,  (1,  1),  and  (2,  2)  bands  of  the  B *S*-X  s2+  system  of  SrF 
at  5S0  nm  has  been  performed  using  single  mode  cw  dye  laser  excitation  spectroscopy. 
Spectroscopic  constants  (cm_1J  obtained  from  a weighted  least-squares  tit  of  the  data  are 
given  below.  Numbers  in  parentheses  refer  to  95' o confidence  limits  in  the  last  digit. 


T. 

u, 

u,r, 

B, 

D. 

a. 

(spin-rotation) 


A’  *2+ 

0 

5024  (7) 

2.27  (21; 
0.25075  (9) 

2.50  (11  X 10-' 
O.OOI74  (9i 
0.001  (6j 


5=2+ 

17267.42  fl) 

495.8  (7) 

2.34  (21) 
0.24961  (9) 

2.53  (1)  X 10~J 
0.00175  <9> 
-0.134  i.6j 


Franok-Condon  factors  were  calculated  from  RKU  potentials  constructed  from  our  spec- 
troscopic data  and  compared  with  those  derived  from  line  intensity  measurements.  Dis- 
crepancies are  attributed  to  the  approximate  nature  of  the  line  intensity  expressions  used. 
Anomalies  in  the  rotational  branch  intensities  provide  evidence  for  the  perturbed  nature  of  the 
B "2  state  by  the  close-lying  .1  :II  state. 


I.  INTRODUCTION 

In  a continuing  study  of  alkaline  earth  monohalides  a rotational  analysis  of  the 
B 3A^-A'  :fl  ‘ system  of  SrF  has  been  performed.  In  general,  alkaline  earth  halides  are 
observed  to  have  complex  spectra  arising  from  electronic  transitions  in  which  the 
electron  promotion  is  primarily  from  an  lists  (X  2X~j  orbital  to  an  tt/>ir  (4  2II)  or  an 
npa  {B-Z~)  orbital  on  the  metal  atom.  The  short  lifetime  (I)  is  indicative  of  the  fact 
that  these  transitions  are  essentially  atomic  in  nature.  Consequently,  the  electronic 
potential  that  the  molecule  experiences  is  very  similar  in  all  of  these  low-lying  states 
and  the  molecular  constants  are  relatively  unchanged.  The  resulting  band  systems 
consist  then  of  thoroughly  overlapped  sequences  with  Ar  = 0 being  by  far  the  most 
intense. 

Single-mode  cw  dye  laser  excitation  spectroscopy  has  been  shown  to  be  a powerful 

1 This  research  was  supported  by  the  National  Science  Foundation  under  Grant  NSF-75-23621  and 
the  Air  Force  Office  of  Scientific  Research  under  Grant  AFOSR-73  2565. 
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tool  in  the  analysis  of  complex  spectra  (_, .?).  An  excitation  spectrum  is  a record  of  the 
total  unresolved  photoluminescence  intensity  as  the  laser  frequency  is  swept.  As  such, 
it  constitutes  essentially  the  same  information  as  a Doppler  width  limited  absorption 
spectrum  but  with  much  increased  sensitivity.  In  addition,  each  line  of  an  excitation 
spectrum  may  be  independently  and  unambiguously  assigned  by  recording  the  resolved 
photoluminescence.  For  further  discussion  of  the  general  technique  see  Refs.  (2,  3). 

II.  EXPERIMENTAL  DETAILS 

The  production  of  SrF  was  accomplished  in  a fashion  similar  to  that  of  other  work 
carried  out  in  this  laboratory  on  alkaline  earth  oxides  and  halides  ( 2 , 4).  Strontium  vajior, 
produced  in  a heated  alumina  crucible,  is  entrained  in  an  argon  carrier  gas.  An  oxidant, 
SF«,  is  injected  above  the  crucible  producing  visible  reddish  chemiluminescence.  Figure  1 
shows  a trace  of  a portion  of  the  spectrum  from  575  to  665  nm.  The  At  = 0 sequences 
of  both  spin-orbit  components  of  the  A-X  transition  are  apparent  at  650  and  660  nm 
along  with  the  At  = 0 sequence  of  the  B-X  system  at  580  nm.  Only  the  latter  system 
was  rotationally  analyzed,  because  the  A-X  system  is  beyond  the  present  tuning  range  of 
the  dye  laser. 

A Spectra-Physics  Model  580  cw  dye  laser  operating  single  mode  (bandwidth  20 
MHz)  was  used  for  all  excitation  spectra.  A small  portion  of  the  laser  output  was  directed 
to  a 3-GHz  FSR  spectrum  analyzer,  while  the  main  beam  was  mechanically  chopped 
at  about  4 kHz  and  directed  into  the  reaction  cell.  The  dye  laser  was  not  scanned  con- 
tinuously but  rather  in  500-MHz  steps  corresponding  to  the  cavity  mode  spacing.  The 
Doppler  width  of  lines  at  the  operating  temperature,  ~650  K,  was  between  900  and 
1200  MHz  and  therefore  no  spectral  information  was  lost  in  the  excitation  spectrum. 
A typical  scan  is  shown  in  Fig.  2.  For  precise  line  position  measurements  a small  portion 
of  the  laser  beam  was  directed  to  a cell  containing  I2  vapor  to  simultaneously  record 
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excitation  spectra  of  both  samples  on  a dual  trace  recorder.  Absolute  line  positions  of 
/■>  are  known  to  ±0.004  cm-1  from  the  very  recent  interferometric  measurements  of 
Gerstenkorn  and  Luc  (5). 

After  completing  a scan  the  laser  was  set  to  a particular  feature  in  the  excitation 
spectrum  and  the  resolved  photoluminescence  spectrum  measured  through  a 1-m 
monochromator  having  a band  pass  of  about  0.04  nm.  Measurement  of  the  P-R 
spacings  in  the  photoluminescence  spectrum  easily  establishes  the  J numbering  ( 2 , 3). 
The  separations  of  the  P-R  doublets  in  the  photoluminescence  could  be  measured  to 
±0.2  cm-1  whereas  the  line  positions  in  the  excitation  spectrum  could  be  measured  to 
about  0.02  cm-1  with  respect  to  the  superimposed  It  spectrum.  The  laser  was  then 
tuned  to  the  next  line  in  the  excitation  spectrum  and  the  process  repeated.  Every  line 
in  the  excitation  spectrum  was  assigned  by  this  method  until  a sufficient  number  were 
obtained  to  be  free  from  ambiguity;  pattern  recognition  was  then  used  to  extrapolate 
further  branch  numbering. 

Ground-state  vibrational  constants  were  obtained  by  measuring  the  |>ositioiis  of  a 
P i(2<)),  /?i(27)  pair  in  the  (1,  0),  (1.  1),  and  (1,  2)  bands  relative  to  standard  N'c  lines. 
The  position  of  the  standard  Xe  lamp  was  not  changed  between  measurements  so  that 
alignment  errors,  which  can  produce  about  ±0.5  cm-1  uncertainty  in  the  absolute  energy, 
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are  cancelled.  Values  of  u,"  and  which  are  derived  from  the  energy  ilijfereiices, 

will  thus  have  absorbed  less  than  0.5  cm'1  uncertainty. 

The  relative  intensities  of  several  P(. V"  4-  2),  R(\")  pairs  were  also  measured  in  the 
(1,  0),  (1,  1),  and  (1,  2)  bands  for  comparison  with  calculated  Franck-Condon  factors. 
The  wavelength  response  of  the  monochromator  and  photomultiplier  combination  was 
calibrated  using  a standard  tungsten  lamp  with  a known  intensity  profile  (6). 

III.  ANALYSIS  ANI)  DISCUSSION 

One  immediate  feature  apparent  from  the  excitation  spectrum  is  that  B,'  and  B," 
are  very  similar  but  that  B,'  < B because  it  is  possible  to  follow  /J-branch  series  out 
to  very  high  values  of  N.  For  example,  the  R2  branch  of  the  (0,  0)  band  was  observed 
to  extend  to  /?•_>(  132).  At  this  A’"  the  branch  still  had  not  turned  around  although  the 
spacing  between  adjacent  branch  members  was  decreasing.  Head  formation  is  not 
particularly  distinct  in  the  spectrum  because  at  such  high  values  of  -V"  the  Boltzmann 
population  is  low.  The  head  is  calculated  to  form  at  7?2(145).  A further  consequence  of 
this  small  difference  between  the  rotational  constants  and  the  expected  large  spin- 
rotation  constant  in  the  B state  (8)  is  that  the  Ri  and  R2  heads  are  split  by  about 
19  cm-1. 

The  P-R  separations  from  the  resolved  photoluminescence  were  fitted  to  the  expres- 
sion (7): 

A,F(AT")  = F(X"  + 1)  - F(X"  - 1) 

= (4* - 6Z>.")(-V"  + })  - 8Z),"(A‘"  + (1) 

using  a weighted  least-squares  procedure.  The  spin-rotation  interaction  constant  y," 
was  assumed  small  for  the  state  because  no  measurable  difference  between 

Px-Ri  and  P2-R2  separations  was  observed;  this  constant  was  thus  neglected  in  the 
fit.  The  accuracy  of  the  fit  and  comparison  of  the  with  the  previous  value 
reported  by  Barrow  and  Beale  (P)  confirms  the  rotational  assignment.  The  values  of  the 
B"  and  their  associated  uncertainties  were  also  used  as  initial  estimates  in  fitting  the 
excitation  spectra  data.  The  data  are  not  sufficiently  precise  to  derive  accurate  values 
for  D,"  although  the  range  certainly  encompasses  the  value  obtained  from  the  Kratzer 
relation. 

Line  positions  in  the  excitation  spectrum  were  fitted  to  the  standard  expressions  (7) 


Rx{N)  = ,0  + Fx\N  + 1)  - F ."(A’),  (2) 

R*i A')  = *0  + FV(A7  + 1)  - /V'(A’),  (3) 

Pi(N)  = -o  + Fx'(X  - 1)  - Fi"(A’),  (4) 

Pi  (AT)  = + Ft' (AT  - 1)  - (5) 

where 

Fi(A')  = B, A*(A7  + 1)  - D, N*W  + 1)!  + yX/2  (6) 

and 

W)  = B,X(X  +1)  - D. X*(X  + 1)-  - y(X  + \),’2  (7) 


by  a weighted  least-squares  procedure.  The  line  positions  and  their  assignments  used  in 
the  fit  are  collected  in  Table  I.  Eight  significant  figures  are  retained  in  the  quoted  line 
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TABLE  I 


Measured  and  Calculated  Line  Positions  (cm-1)  in  the  Excitation  Spectra  of  SrE 


Line 

Frequency* 

Avb 

Line 

Frequency 

Line 

Frequency 

Av 

(0,0)  band 

?•  (2) 

17263.042(20) 

-0.005 

P2(17) 

17256.486(20) 

-0.003 

Rl  (27) 

17275 .200(20) 

-0.026 

‘ (3) 

62.460(32) 

-0.014 

(18) 

55.989(28) 

-0.031 

(28) 

75.576(20) 

-0.012 

1 4 ) 

61.895(30) 

-0.003 

(19) 

55.538(20) 

-0.011 

(29) 

75.941(20) 

-0.006 

(5) 

61.327(20) 

0.006 

(20) 

55.070(22) 

-0.006 

(30) 

76.308(20) 

0.004 

(6) 

60.740(35) 

-0.001 

(21) 

54.584(24) 

-0.017 

(31) 

76.648(30) 

-0.010 

(7) 

60.146(27) 

-0.012 

(22) 

54.120(20) 

-0.003 

(32) 

77.001(20) 

-0.008 

(8) 

59.576(20) 

0.002 

(23) 

53.629(20) 

-0.014 

(33) 

77  372(24) 

0.013 

(9) 

58.980(20) 

0.002 

(24) 

53.151(20) 

-0.010 

(34) 

77.694(20) 

-0.011 

(10) 

58.400(20) 

0.002 

(25) 

52.684 (26) 

0.006 

(11) 

57.838(20) 

0.031 

(26) 

52.192(28) 

0.001 

R2(l) 

17265.314(20) 

-0.003 

(12) 

57.202(24) 

-0.011 

(27) 

51.709(24) 

0.006 

(3) 

66.436(20) 

-0.002 

(13) 

56.601 (28) 

-0.017 

(28) 

51.222(26) 

0.010 

(4) 

67.010(20) 

0.014 

(14) 

55.989 (20) 

-0.031 

(29) 

50.739(20) 

0.020 

(5) 

67.553(20) 

0.003 

(15) 

55.408(20) 

0.011 

(30) 

50.230(20) 

0.006 

(6) 

68.088(20) 

-0.014 

(16) 

54.820(20) 

0.002 

(31) 

49.716(20) 

-0.010 

(7) 

68.652(20) 

-0.001 

(17) 

54.193(20) 

-0.020 

(32) 

49.248(20) 

0.020 

(8) 

69.201(20) 

0.001 

(18) 

53.599(20) 

-0.007 

(33) 

48.723(20) 

-0.003 

(9) 

69.782(20) 

0.036 

(19) 

53.006 (20) 

0.008 

(34) 

48.236(22) 

0.013 

(10) 

70.305(33) 

0.016 

(20) 

52.378(20) 

-0.008 

(11) 

70.867(28) 

0.037 

(21) 

51.782(20) 

0.009 

Rl(0) 

17264.564(20) 

0.016 

(12) 

71.373(20) 

0.005 

(22) 

51.149(23) 

-0.008 

(1) 

64.975(20) 

0.001 

(14) 

72.434(20) 

-0.003 

(23) 

50.516(22) 

-0.023 

(2) 

65.407(20) 

0.009 

(15) 

72.940(27) 

-0.028 

(24) 

49.935(20) 

0.015 

(3) 

65.852(20) 

0.032 

(16) 

73.497(20) 

0.000 

(25) 

49.287(20) 

-0.011 

(4) 

66.234(26) 

-0.005 

(17) 

74.025(20) 

0.001 

(26) 

43.670(20) 

-0.003 

(5) 

66.653(20) 

-0.003 

(18) 

74.545(33) 

-0.003 

(27) 

48.051(20) 

0.003 

(6) 

67.056(20) 

-0.014 

(19) 

75.064 (20) 

-0.005 

(28) 

47.401(20) 

-0.018 

(7) 

67.491(20) 

0.008 

(20) 

75.576(27) 

-0.012 

(29) 

46.803(20) 

0.015 

(8) 

67.893(20) 

0.000 

(21) 

76.107(20) 

0.002 

(30) 

46.188(20) 

0.032 

(9) 

68. 302(26) 

0.002 

(22) 

76.612(37) 

-0.007 

(31) 

45.528(30) 

0.007 

(10) 

68.699(20) 

-0.006 

(23) 

77.115(20) 

-0.016 

(11) 

69.096(31) 

-0.012 

(24) 

77.631(20) 

-0.009 

P:(2) 

17263.265(20) 

0.009 

(12) 

69.543(20) 

0.034 

(25) 

78.142(20) 

-0.005 

(3) 

62.803(20) 

-0.017 

(13) 

69.911(20) 

0.004 

(26) 

78.653(20) 

0.001 

(4) 

62.354(20) 

-0.028 

(14) 

70.305(28) 

0.002 

(27) 

79.139(20) 

-0.014 

(5) 

61.942(20) 

-0.001 

(15) 

70.678(20) 

-0.017 

(28) 

79.656(20) 

0.003 

(6) 

61.499(20) 

-0.002 

(16) 

71.097(20) 

0.010 

(29) 

80.186(20) 

0.035 

(7) 

61.066(20) 

0.009 

(18) 

71.839(32) 

-0.022 

(3") 

80 .635(20) 

-0.009 

(8) 

60.605(20) 

-0.005 

(19) 

72.245(20) 

0.000 

(31) 

81.149(20) 

0.012 

(9) 

f 0.146 (20) 

-0.015 

(20) 

72.628(20) 

0.001 

(32) 

81.653(20) 

0.032 

(10) 

59.720(20) 

0.010 

(21) 

73.044(27) 

0.038 

(33) 

82.100  (20) 

-0.004 

(11) 

59.259(20) 

0.003 

(22) 

73.381(20) 

-0.001 

(34) 

8.'  .594  (20) 

-0.003 

(12) 

53.816(20) 

0.015 

(23) 

73.773(20) 

0.017 

(35) 

82.071  (20) 

-0.008 

(13) 

53.354(20) 

0.011 

(24) 

74.136(30) 

0.009 

(36) 

82.539(20) 

-0.019 

(14) 

57.887 (20) 

0.004 

(25) 

74.545(37) 

0.049 

(37) 

8 -.036(20) 

0.001 

(15) 

57.421(20) 

0.000 

(26) 

74.858(20) 

-0.004 

(38) 

84.5 12(20) 

0.003 

(16) 

56.919 (20) 

-0.037 

(39) 

8<J  .964  (20) 

-0.016 

(40) 

85.924(20) 

0.008 

I. 


a7he  numbers  in  parentheses  represent  a one  standard  deviation  estimate  of  the  measured  line 
position. 

^The  value  represents  the  difference  between  observed  and  calculated  line  position. 


frequencies  although  the  measurement  uncertainty  is  in  the  seventh  figure;  this  is  done 
simply  to  enable  any  further  workers  who  may  desire  to  treat  the  data  using  a different 
model  to  derive  constants  whithout  encountering  any  round-off  errors.  Similarly, 
• * because  of  the  sensitivity  of  parameters  to  uncertainties  in  line  positions,  particularly 
at  low  .V  values,  the  uncertainty  in  the  last  digit  is  quoted  in  parentheses.  Measurement 
. uncertainties  were  estimated  as  described  previously  ( 2 ).  The  values  of  the  £>,’ s,  as 
determined  by  the  Kratzer  relation,  were  held  as  fixed  parameters.  Because  of  the  large 
correlation  coefficients  between  the  same  parameters  in  both  states  ( B,',  B,"  and  >,") 
the  diagnostic  least-squares  procedure  described  by  Curl  (10)  proved  necessary  to 
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Line 

Frequency 

Av" 

Line 

Frequency 

(1,1  band 

Av 

Line 

Frequency 

Av 

Pi  (3) 

17255.779(38) 

0.010 

P: (20) 

17248.424(20) 

-0.001 

R>  (27) 

17268.413(20) 

0.002 

(4) 

55.206(20) 

-0.038 

(21) 

47.952(20) 

0.000 

(28) 

68.733(25) 

-0.034 

(5) 

54 . 584  i 3 3 ) 

0.009 

(22) 

47.500(20) 

0.022 

(29) 

69.096(31) 

-0.025 

(6) 

54.067(20) 

0.021 

(23) 

46.979(20) 

-0.021 

(30) 

69.484(20) 

0.011 

(7) 

53.460(26) 

-0.007 

(24) 

46.519(20) 

-0.001 

(31) 

69.811(24) 

-0.011 

(8) 

52.896 (20) 

0.010 

(25) 

46.046(20) 

0.007 

(34) 

70.867(28) 

0.014 

(9) 

52.322(28) 

0.020 

(26) 

45.528(20) 

-0.026 

(50) 

75.941(23) 

0.018 

(10) 

51.709  (30) 

-0.007 

(51) 

76.212(30) 

-0.003 

(11) 

51.122  (20) 

-0.006 

Rl  (1) 

17258.270(50) 

0.014 

(55) 

77.372(27) 

0.020 

(12) 

50.516(30) 

-0.021 

(2) 

58.672(30) 

-0.004 

(13) 

49.935(20) 

-0.010 

(3) 

59.098(20) 

0.003 

R2(3) 

17259.720(43) 

0.010 

(14) 

49.338(40) 

-0.012 

(4) 

59.526(36) 

0.015 

(4) 

60.295(30) 

0.032 

(15) 

48.723(40) 

-0.030 

(5) 

59.936(20) 

0.012 

(5) 

60.853(36) 

0.038 

(16) 

48.150(20) 

-0.004 

(6) 

60.319(30) 

-0.016 

(6) 

61.359(20) 

-0.004 

(17) 

47.541  (40) 

-0.011 

(7) 

60.740(30) 

-0.004 

(7) 

61.942(27) 

0.031 

(18) 

46.950(20) 

0.021 

(8) 

61.146(33) 

-0.004 

(8) 

62.460(24) 

0.005 

(19) 

46.363(20) 

0.001 

(9) 

61.601(20) 

0.046 

(9) 

62.998(20) 

0.001 

(20) 

45.763(20) 

0.029 

(10) 

61.942(24) 

-0.014 

(10) 

63.532(20) 

-0.004 

(21) 

45.093(20) 

-0.030 

(11) 

62.354 (20) 

-0.002 

(11) 

64.067(20) 

-0.006 

(14) 

63.532(20) 

-0.007 

(12) 

64.614(20) 

0.006 

P2(3) 

17256.118(35) 

0.000 

(15) 

63.930(25) 

0.001 

(14) 

65.676(20) 

0.006 

(4) 

55.667(30) 

-0.017 

(16) 

64.302(20) 

-0.014 

(15) 

66.193(20) 

-0.004 

(5) 

55.207(20) 

-0.040 

(17) 

64.692(20) 

-0.008 

(16) 

66.722(20) 

0.000 

(6) 

54.820(30) 

-0.006 

(18) 

65.080(20) 

-0.003 

(18) 

67.788(20) 

0.023 

(7) 

54.354(20) 

-0.010 

(19) 

65.452(30) 

-0.011 

(19) 

68.302(27) 

0.019 

(8) 

53.943 (22) 

0.019 

(20) 

65.852(30) 

0.011 

(20) 

68.796(20) 

-0.001 

(9) 

53.460(26) 

-0.018 

(21) 

66.234(30) 

0.019 

(21) 

69.337(20) 

0.026 

(11) 

52.600(20) 

0.020 

(22) 

66.582(20) 

-0.005 

(22) 

69.811(30) 

-0.007 

(12) 

52.099(20) 

-0.028 

(23) 

66.928(31) 

-0.029 

(23) 

70.305(24) 

-0.022 

(14) 

51.222(33) 

0.007 

(24) 

67. 327(20) 

0.002 

(24) 

70.807(25) 

-0.025 

(16) 

50.306(20) 

0.012 

(25) 

67.675(30) 

-0.014 

(35) 

76.212(28) 

-0.002 

(17) 

49.853(20) 

0.023 

(25) 

68.056(20) 

0.005 

(36) 

76.648(30) 

-0.040 

(37) 

77.694 (28) 

0.005 

(2,2)  Band 

?:  (5) 

17247.812(20) 

0.025 

Rl (18) 

17258.152(20) 

0.008 

R2  (5) 

17253.943(33) 

0.002 

(7) 

46.665 (20) 

0.027 

(19) 

58.526(20) 

0.007 

(6) 

54.502(20) 

0.016 

(8) 

46.046  (20) 

-0.015 

(20) 

58.887(20) 

-0.004 

(7) 

54.990(20) 

-0.038 

(10) 

46.188  (20) 

-0.005 

(21) 

59.259(35) 

-0.002 

(8) 

55.538(20) 

-0.031 

(22) 

59.641(20) 

0.013 

(9) 

56.118(28) 

0.011 

?;  (7) 

17247. 541 (20) 

-0.002 

(23) 

60.008(20) 

0.015 

(111 

57.163(20) 

-0.013 

(8) 

47.113(20) 

0.009 

(24) 

60.319(32) 

-0.036 

(12) 

57.701 (20) 

-0.005 

(9) 

46.665(20) 

0.003 

(25) 

60.740(43) 

0.026 

(13) 

58.270(35) 

0.035 

(10) 

46.183(20) 

-0.029 

(26) 

60.066 (26) 

-0.005 

(16) 

59.799(20) 

-0.006 

(11) 

45.763(20) 

-0.008 

(27) 

61.422(20) 

-0.003 

(17) 

60.319(20) 

-0.004 

(12) 

45.  33C  (20) 

0.007 

(28) 

61.768(20) 

-0.009 

(18) 

60.853(30) 

0.014 

(29) 

62.120(20) 

-0.005 

(19) 

61.359(30) 

0.006 

?.;(3) 

17252.322(33) 

0.065 

(31) 

62.803(20) 

-0.012 

(21) 

62.354(22) 

-0.017 

(4) 

52.684(30) 

0.048 

(32) 

63.160(20) 

0.003 

(22) 

62.882(20) 

0.004 

(5) 

53.006 (30) 

-0.039 

(33) 

63.483 (20) 

-0.011 

(23) 

63.377(20) 

-0.003 

(6) 

53.460(20) 

0.008 

(34) 

63.832(20) 

0.002 

(24) 

63.930(25) 

0.049 

(7) 

53.851 (23) 

-0.005 

(35) 

64.170(20) 

0.007 

(25) 

64.388(20) 

0.009 

(8) 

54.286(20) 

0.027 

(36) 

64.504 (20) 

0.012 

(26) 

64.877(20) 

0.002 

(10) 

55.070(33) 

0.015 

(37) 

64.820(20) 

0.001 

(28) 

65.852(30) 

-0.005 

(11) 

55.408(20) 

-0.019 

(39) 

65.452(33) 

-0.012 

(31) 

67.327(37) 

0.015 

(12) 

55.826 (20) 

-0.016 

(45) 

67.327(22) 

-0.004 

(32) 

67.788(20) 

-0.002 

(13) 

56.225(20) 

-0.007 

(34) 

68.733(28) 

-0.007 

(14) 

56.601(23) 

-0.018 

R2(4) 

17253.387(20) 

-0.006 

remove  the  numerical  difficulties  of  the  near  singularity  in  the  product  (A',  X)  matrix. 
-V  is  the  Jacobian  matrix  (77).  Initial  estimates  of^the^parameters’and  their  associated 
uncertainties  were  obtained  as  follows.  B,"  was  obtained  from  the  fit  to  the  PR  separa- 
tion data.  B,'  was  estimated  from  the  .V  value  at  the  Rt  head  (2)  in  conjunction  with  the 
value  of  B,".  The  B state  spin-rotation  constant  y,'  was  estimated  on  the  basis  of  the 
pure  precession  unique  perturber  interaction  (X,  12)  between  the  A 5IT  and  Bt'Z+ 
states  while  y,"  was  assumed  small  and  set  equal  to  zero.  In  all  cases  our  data  better 
determine  the  parameters  than  the  initial  estimates;  the  diagnostic  method  of  constrain- 
ing poorly  determined  parameters  proved  unnecessary. 
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TABLE  II 

Spectroscopic  Constants  (cm"1)*  »(  *'SrE 


X2£+ 

P-R  Datab 

B-t* 

R(XB) c 

MXB)d 

33 

0.24985(5) 

0.2517(20) 

0.24870(4) 

0.995 

-0.001146(5) 

3: 

0.24819(8) 

0.2488(16) 

0.24704 (8) 

0.998 

-0.001153(6) 

32 

0.24626(19) 

0.2477(23) 

0.24509(18) 

0.999 

-0.001170(12) 

v3 

0. 0018(37) 

-0.1361(37) 

0.999 

-0.13786(18) 

Yl 

0.0048(30) 

-0.1329(29) 

0.996 

-0.13777(27) 

V 2 

0.0049(30) 

-0.1336(29) 

0.995 

-0.13848(31) 

-e 

0.25075(9) 

0.24961(9) 

-0.001139(8) 

'■‘e 

0.00174  (9) 

0.00175(8) 

-0.000011(7) 

'^e 

0.00151(7) 

(Pekeris) 

0.00155(7) 

2 . 50 (1) xl0~ 

(Kratzer) 

2.53(l)xl0" 

e 

-e 

502.4(7) 

495.8(7) 

-6.58(1) 

x ® 
~e*e 

2.27(21) 

2.34(21) 

0.069(3) 

0 

17267.42(1) 

* Uncertainties  in  parentheses  represent  954  confidence  limits  in  the  last  digit. 

~ From  fit  to  measured  PR  separations  in  the  photoluminescence  spectra. 

■ Correlation  coefficient  between  like  parameters  in  the  X and  3 states. 

- i(XB)  is  the  difference,  (B-X) , between  constants  for  the  two  states. 

~ Uncertainties  in  vibrational  constants  are  estimated  assuming  the  measured  differences 
between  lines  in  the  (1,2),  (1,1)  and  (1,0)  bands  is  ±0.3  cm-*. 

First  column  row  1 should  read  B..  Row  ten  columns  two  and  four  should  read  X 10":. 


The  square  root  of  the  variance  of  the  fits  to  the  (0,  0),  (1,  1),  and  (2,  2)  bands  were 
0.015,  0.018,  and  0.020  cm-1,  respectively.  The  constants  derived  from  the  fit  are 
collected  in  Table  II.  For  comparison,  the  B,"  values  obtained  from  the  P R separa- 
tion included.  The  excellent  agreement  of  the  B,"  values  from  the  two  methods 
fully  confirms  the  rotational  assignment  and  supports  the  method  of  data  treatment. 
Having  obtained  three  values  of  B,  it  is  possible  to  determine  £,  and  a,  for  both  states. 
These  values  are  also  collected  in  Table  II  along  with  the  a,  obtained  from  the  Pekeris 
relation  {13). 

Our  rotational  analysis  also  determines  values  of  the  energy  differences  between  the 
(0,  0),  (1,  1),  ahd  (2,  2)  vibrational  band  origins  which  in  turn  give  precise  values  of 
the  differences  in  vibrational  constants  (u,'  — w„")  and  {ua'/  — by  standard 

formulae  (7).  These  accurate  differences  indicated  a deviation  from  hitherto  accepted 
values  of  vibrational  constants  in  the  .V  *2+  {14, 15)  and  B 52+  states  {16).  The  resolved 
photoluminescence  measurements  of  the  Fi(29)  and  R\{2i)  line  positions  in  the  (1,  2), 
(1.  1),  and  (1,  0)  bands,  after  being  corrected  for  rotational  energy  contributions,  yield 
values  of  u."  and  ua,"-  These  values,  and  the  above  differences  in  turn  give  u/  and 
These  vibrational  constants  are  also  collected  in  Table  II  and,  being  derived  from 
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l>anrl  origin  rather  than  from  bundhead  data,  are  superior  to  previous  determinations. 

In  recent  years  it  has  become  apparent  that  there  are  good  reasons  for  not  using  such 
simplistic  expressions  as  F.qs.  (6)  and  (7)  (or  the  energy  eigenvalues.  Rather,  we  should 
construct  the  complete  Hancltonian  matrix  for  troth  states,  diagonalize  them  and,  with 
initial  estimates  of  the  various  parameters  and  consideration  of  selection  rules,  obtain 
the  line  jrositions.  Such  a procedure,  along  with  an  extensive  discussion  of  its  advantages, 
has  been  presented  by  Zare  and  co-workers  (12).  In  particular,  the  energy  expressions  in 
Eqs.  (6)  and  (7),  when  applied  to  an  excited  electronic  state  with  a close-lying  :II 
state,  lose  the  original  meaning  of  particular  parameters.  For  example,  the  rotational 
constant  B,  is  based  on  a quantum  mechanical  average  over  the  vibrational  state  of  the 
inverse  square  of  the  internuclear  distance,  (1/r*),.  However,  in  addition  to  B',  which 
has  an  -V(.V  + 1)  energy  dependence,  an  additional  term,  q,  due  to  magnetic  interactions 
with  the  SII  state,  arises.  Because  of  the  same  X dependence  in  the  eigenvalues  the 
strictly  mechanical  B,  is  contaminated  with  a magnetic  contribution.  The  original  work 
on  calculating  the  matrix  elements  of  this  more  complete  Hamiltonian  was  performed 
by  Van  Vleck  (8)  and  put  into  a more  convenient  form  by  Mulliken  and  Christy  (17). 
In  considering  the  interaction  between  the  electronic  block  of  the  B 3i'+  state  with  a 
close-lying  .1  *11  state,  three  terms,  o,  p,  and  the  prexiously  mentioned  q,  need  to  be 
included  in  the  energy  matrix  for  the  B state.  The  X dependence  of  the  q term  is  the 
same  as  that  of  B„  the  X dependence  of  the  p term  is  the  same  as  the  phenomenological 
constant  y while  o has  no  X dependence  and  thus  contributes  to  Te.  It  should  be  noted 
that  even  in  the  absence  of  this  electronic  perturbation  the  eigenvalues  of  individual 
electronic  blocks  have  terms  of  the  form  +yX,  2 and  —y(X  + 1).  2,  but  in  an  excited 
state  this  effect  is  normally  outweighted  by  the  interactions  with  other  electronic  blocks. 
In  the  case  where  the  and  2I1  states  can  be  described  as  arising  from  the  same  atomic 
configuration,  where  L is  considered  to  be  a good  quantum  number,  then  o,  p,  and  q 
reduce  to  simple  expressions.  This  is  the  case  of  a pure  precession-unique  perturber  (12) 
interaction  and  should  be  rather  good  for  alkaline  earth  halides  because  the  electronic 
transition  is  essentially  atomic  ns  — ► up  in  nature  with  the  .4  2II  and  B -2.  states  derived 
from  the  L = 1 projections  onto  the  internuclear  axis.  Note  also  that  the  Es-En 
separation  is  sufficiently  large  that  the  anomalies  encountered  in  spin-splitting  constants 
in  alkaline  earth  hydrides  are  not  expected  in  the  halides.  An  extended  treatment  such 
as  that  given  by  Yeseth  (18)  is  then  unnecessary.  The  pure  precession  estimate  of  p 
which  is  assumed  to  be  the  dominant  contributor  to  y'  is  given  by 

p = 4.1  nB,,  (£s  - £„)  = 0.134  cm"1,  (8) 

where  A is  the  spin-orbit  coupling  constant  in  the  A -II  state.  This  value  is  in  excellent 
agreement  with  the  experimental  parameter  y'  — —p~  —0.134  cm'1  which  further 
suggests  that  the  contribution  of  q = (B,p/A  n)  to  the  experimental  rotational  constant 
can  be  estimated.  This  correction  of  q = 0.00012  cm-1  to  the  experimental  B'  to  obtain 
an  uncontaminated  rotational  constant  is  small  but  it  may  have  particularly  noticeable 
effects.  Franck-Condon  (FC)  factors,  which  are  sensitive  functions  of  the  change 
in  rotational  constants  between  the  two  states,  are  one  such  aspect. 

In  an  attempt  to  further  verify  the  magnetic  contamination  of  B',  experimental  FC 
factors  were  determined  from  the  resolved  laser-induced  photoluminescence  intensities 
and  compared  with  calculated  values  based  on  an  RKR  potential  (19).  Calculations  were 
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performed  with  = 0.24%1  cm'1  and,  after  correction  for  y,  HJ  --  0.24949  cm'1. 
The  effects  are  small,  namely  an  increase  of  about  10%  in  the  off  diagonal  FC  factors 
which  are  about  0.005,  but  this  distinction  should  be  measurable  using  laser-induced 
photoluminescence. 

When  a particular  J')  level  is  excited  the  emission  intensity  is  given  approx- 
imately by  the  expression  (20) 


w 


Single-line  laser  excitation  produces  several  simplifications.  First,  the  number 

of  (modulated)  molecules  in  the  upper  state,  is  constant  because  it  is  populated  only 
by  the  chopped  laser  and  only  these  molecules  are  detected  in  the  ac  photoluminescence. 
Second,  the  rotational  line  strength  contribution  Sj-j to  all  (;',  t")  bands  measured 
should  be  the  same  because  only  the  same  J values  are  measured.  Consequently,  the 
relative  FC  factors  can  be  simply  expressed  as 


'l/S c'f"n  — 


(10) 


Experimental  FC  factors  are  then  obtained  from  measurement  of  relative  intensities 
of  the  same  rotational  lines  in  the  (1,  0),  (1,  1),  and  (1,  2)  bands  while  pumping  a partic- 
ular rotational  coincidence  in  the  (1,  1)  band.  All  [ Ar|  > 2 transitions  are  neglected 
because  of  vanishingly  small  intensity.  The  expected  photoluminescence  spectrum 
consists  then  of  three  sets  (At  - 0,  ±1)  of  P-R  doublets  with  Ar  — 0 about  200  times 
more  intense  than  A:  = ±1.  Furthermore,  the  relative  intensities  of  the  P and  R lines 
should  be  constant  for  the  three  pairs. 

Unfortunately,  the  above  simple  expectations  are  not  verified  experimentally.  The 
relative  intensities  of  the  P and  R branches  vary  by  almost  a factor  of  two  between  the 
(1.  0)  and  (1,  2)  bands  and  simple  HonULondon  formulae  (7)  do  not  apply.  In  addition, 
it  is  observed  that  IyP i)  < I(Ri)  and  I(P-i)  > I(R;)',  that  is,  the  relative  line  strengths 
of  P and  R branches  reverse  in  the  different  spin  manifolds.  As  an  illustration,  Table  III 
lists  some  typical  experimental  measurements  of  relative  intensities  for  different  vibra- 
tional bands  in  both  spin  manifolds.  A similar  observation  of  "anomalous”  branch 
intensities  has  been  noted  in  several  vibrational  bands  of  the  B 22~-A'  system  of 
HgH  (21).  Kopp  and  Hougen  (22)  have  developed  formulas  for  the  branch  intensities 
of  Af?  = 0,  ±1  transitions  in  mixed  (case  (a'))  fl  = j states  which  explains  such  varia- 
tions in  terms  of  the  relative  values  of  the  parameters  uii  and  Hi-  U n = 0,  ui  — 1 corre- 
sponds to  a pure  case  (a)  Af2  = ±1  transition  while  Hi  — 0,  = 1 refers  to  a pure  case 

( b ) AO  = 0 transition.  Intermediate  values  refer  to  differing  extents  of  case  (a')  coupling. 
The  explanation  of  the  different  branch  intensities  in  different  vibrational  band  systems 
mu-t  be  considered  as  arising  from  of  the  B 22-.4  2II  interaction  and  its  vibrational 
de;*-ndence.  Different  vibrational  bands  must  be  considered  as  arising  from  different 
Ugr.-es  of  intermediate  case  (o')  coupling  as  a result  of  the  vibrational  dependence 
•h«  B ’2  A ’ll  mixing.  Experimentally,  the  largest  variation  from  a pure  case  (b)  22 
• > or , in  the  (1.  2)  band  where  n , hi  ~ 8.  However,  in  spite  of  the  large  variation 
it  f rotational  line  strengths  the  sum  of  the  line  strengths  varies  only  slightly  with 
• i •Jif-ir  • ju-v  of  the  near  cancellation  of  the  cross  terms  miMii  in  the  summation, 
v*.  for  / - >1.5  and  Mi  = 0.1/i.:.  the  sum  of  the  intensities  /V21.5)+f>()i2(20.5) 
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TABLE  III 

Comparison  of  Relative  Intensities' •*  of  Several  Rotational  Lines  in  the  (I,  t ’)  Bands  of  SrF 


VIBRATIONAL  BAND 


Line 

(1.2) 

(l.D 

(1*0) 

Px(24) 

0.0047 

0.988 

0.0069 

V27> 

0.0071 

0.987 

0.0061 

Pj (18) 

0.0040 

0.989 

0.0065 

RjL  (16 

0.0065 

0.987 

0.0059 

P2(16> 

0.0052 

0.989 

0.0060 

R2(14) 

0.0033 

0.991 

0.0061 

P2(20) 

0.0061 

0.988 

0.0055 

R2(18) 

0.0038 

0.991 

0.0054 

^The  estimated  uncertainty  is  10%  in  the  (1,0)  and  (1,2)  bands 
with  the  (1,1)  band  known  to  better  than  1%  accuracy. 

2 4 #»  4 

Specifically,  the  values  listed  above  are  (l/vv,v„)/  l * (I/vv, y«) » 

where  I is  the  measured  intensity  corrected  for  instrument  response. 


-+-7?1(19.5)  is  only  2%  larger  than  a pure  case  (A),  ml  = 0,  sum.  In  contrast,  the  relative 
intensities  of  /\(21.5)  ■+-  FQn( 20.5)  and  2?i(19.5)  varies  by  almost  a factor  of  2. 

With  the  above  realizations  that  the  true  meaning  of  FC  factors  has  been  clouded 
somewhat  by  several  assumptions,  the  experimental  intensity  sums  were  used  to  derive 
the  FC  factors  collected  in  Table  IV.  Agreement  of  experimental  and  calculated  values 

TABLE  IV 

Comparison  of  Experimental  and  Calculated  Franck-Condon  Factors 


(v',v”) 


(1,0) 

(1,1) 

(1,2) 


experimental 1 


(I) 

0.0061 

0.9885 

0.0054 


Calculated2 

Be=Be  (exPerimen<:al)  B^=B^  (experimental) 


(II) 

0.0027 

0.9918 

0.0055 


(III) 

0.0032 

0.9907 

0.0061 


lThe  estimated  uncertainty  in  sv***l  factors  is  10%  with  Av  “ 0 
known  to  better  than  1%. 

^Parameters  are  as  defined  in  the  text;  gj.  is  the  extent  of  magnetic 
contamination  of  the  rotational  constant.  Based  on  a unique 
perturber  estimate  ( 12.)  q. “0.00012  cm*1. 
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for  the  (1,  1)  and  (1,  2)  bunds  is  within  experimental  error  but  the  measured  value  for 
(1,  0)  is  too  large  by  a factor  of  2.  This  discrepancy  far  exceeds  the  calculated  10% 
change  which  results  from  using  a realistic  B,'  value.  Hence  the  correction  of  B’  for 
magnetic  contributions  from  the  .1  -II  state  is  insignificant  when  compared  with  other 
causes  of  discrepancies  between  observed  and  calculated  FC  factors.  The  reason  for 
these  differences  lies  in  the  extraction  of  experimental  FC  factors  using  Eqs.  (9)  and  (10). 
Implicit  in  these  expressions  are  several  assumptions  concerning  the  separability  of  the 
electronic,  vibrational,  and  rotational  motions.  For  example,  the  slow  variation  of  the 
electronic  transition  moment  with  internuclear  distance  is  assumed,  thus  allowing  a 
separation  into  a product  of  an  electronic  term  and  an  FC  factor,  | R,’,- 125,',".  Perhaps, 
in  view  of  the  presently  unknown  .4  !II  state  constants  and  incomplete  perturbation 
analysis,  it  is  best  to  treat  the  intensity  measurements  as  raw  data  and  not  to  attempt 
to  extract  meaningful  FC  factors. 

F'inally,  it  should  be  mentioned  that  Microwave-Optical-Double-Resonance  (MODR) 
measurements  (23,  24)  have  been  made  derive  more  accurate  values  of  ground-state 
constants.  The  precision  exemplified  in  microwave  measurements  is  thus  projected  into 
constants  for  both  states  because  of  the  high  degree  of  correlation  in  the  optical  data. 
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The  Rotational  Spectrum  of  the  X 2e+  State  of  the  SrF  Radical 
Using  Lqser  Microwave  Optical  Double  Resonance1 

Peter  J.  Domaille,  Timothy  C.  Steimle,  and  David  O.  Harris 

Quantum  Institute,  Department  of  Chemistry,  V niversily  of  California, 

Santa  Barbara,  California  93106 


The  pure  rotational  spectrum  of  the  A'  t£+  state  of  the  gaseous  SrF  radical  has  been  mea- 
sured using  microwave  optical  double  resonance  (AlODR)  techniques.  The  analysis  fully 
confirms  the  recent  dye  laser  excitation  spectrum  and  rotational  assignment  of  the  B *2+- 
X l2+  system.  Transitions  were  measured  in  both  the  v"  = 0 and  t"  = 1 states  to  give  values 
of  B."  = 0.250533  cm'1,  a."  = 1.546  X 10"»  cm"1  and  y"  (spin-rotation)  = 2.49  X 10"» 
cm'1.  General  qualitative  features  of  MODR  in  states  are  treated  and  suggested  improve- 
ments for  obtaining  experimental  hyperfine  constants  are  discussed.  The  more  precise  ground 
state  constants  are  merged  with  the  B-X  optical  analysis  to  obtain  a more  accurate  set  of 
constants  for  both  states. 


INTRODUCTION 

Rotational  spectroscopy  of  *2  state  molecules  has  occupied  an  intriguing  position  in 
conventional  microwave  methods  in  that  only  in  the  past  2 years  have  spectra  of  ground 
state  molecules  been  recorded  and  analyzed;  Dixon  and  Woods  (7,  2)  have  reported 
studies  of  the  CN  radical  (J)  and  the  CO+  ion  (2).  Earlier,  Jefferts  had  also  reported 
the  radiofrequency  spectrum  of  the  H2+  ion  (J)  although  his  technique  has  not  had  far- 
reaching  usage  and  the  method  is  certainly  not  conventional.  Prior  to  the  CN  and  CO+ 
studies,  previous  work  of  microwave  accuracy  was  restricted  to  excited  electronic  states 
such  as  OH(.4  ‘S*)  (4)  and  CS(B  :2+)  (5)  in  ingenious  studies  utilizing  microwave 
optical  double  resonance  (MODR).  However,  the  “optical”  source  in  both  these 
experiments  were  rather  restrictive ; for  OH,  a chanct  coincidence  of  A 52+-X  2 II  with 
a zinc  atomic  emission  line  ( 4 ) and  for  CN  an  even  more  amazing  chemical  pumping 
and  accidental  degeneracy  between  the  A ln  and  B 22  states  (5).  These  elegant  experi- 
ments are  thus  restricted  because  the  optical  selection  of  the  rotational  states  cannot 
be  varied.  The  single-mode  cw  tunable  dye  laser  as  an  optical  source  removes  this 
restriction,  at  least  for  molecules  which  absorb  in  the  currently  accessible  dye  laser 
range. 

Following  the  recent  rotational  analysis  of  the  B 22+-X  22+  system  of  the  SrF  radical 
utilizing  single-mode  dye  laser  excitation  spectroscopy  (6),  it  became  apparent  that 
an  MODR  study  to  obtain  a ground  state  (X  *2+)  rotational  spectrum  of  this  molecule 

1 This  research  was  supported  by  the  National  Science  Foundation  under  Grant  XSF-MPS-72-04978 
and  the  Air  Force  Office  of  Scientific  Research  under  Grant  USAFOSR-73-2565. 
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was  possible.  The  prime  requirement  for  such  a study  is  simply  an  optical  assignment 
which  extends  to  sufficiently  low  rotational  quantum  numbers  that  rotational  transitions 
are  in  a frequency  region  accessible  with  normal  microwave  methods.  This  requirement 
was  certainly  fulfilled  in  SrF  and  has  allowed  a study  of  several  rotational  transitions 
in  both  the  r"  = 0 and  v"  = 1 vibrational  states.  The  information  provided  by  such  a 
study  is  essentially  higher-precision  spectroscopic  constants,  but  perhaps  more  impor- 
tantly, an  unambiguous  confirmation  of  the  previous  optical  assignment  ( 6 ).  In  addition, 
it  is  often  possible  to  observe  hyperfine  effects  which  are  normally  masked  by  the 
Doppler  width  of  lines  in  single-photon  optical  spectra. 

We  report  here  a microwave  study  of  the  X J2+  state  of  SrF  which  obtains  more 
precise  values  of  the  spectroscopic  constants  B„  a„  and  y (spin-rotation).  Hyperfine 
constants  were  not  derived  in  the  present  study  because  of  insufficient  sensitivity  to 
detect  AF  = 0 lines  and  inadequate  resolution  to  separate  the  pairs  of  A F = 1 transi- 
tions. Improvements  in  the  experiment,  discussed  in  the  text,  are  designed  to  eliminate 
these  problems  and  to  allow  a more  thorough  study  of  these  finer  effects. 


v 


t 


II.  GENERAL  CONSIDERATIONS  OF  MODR  IN  *Z+  STATES 

Several  discussions  of  the  generalized  three-level  scheme  describing  the  features  of 
MODR  have  been  published  previously  (7,  S).  Briefly',  a rotational  transition,  J — > 7+1, 
is  detected  as  a change  in  laser-induced  photoluminescence  intensity  when  the  laser 
is  tuned  to  an  optical  transition  which  connects  either  J or  J + 1 to  an  excited  electronic 
state.  If  the  laser  does  not  significantly  deplete  the  pumped  level  (weak  optical  pump- 
ing), the  MODR  signal  is  detected  as  a change  in  fluorescence  intensity  resulting  from 
the  Boltzmann  inequality'  between  rotational  evels.  For  a typical  rotational  temperature 
of  600  K this  change  is  only  about  0. 1-0.5%.  Furthermore,  if  the  laser  connects  with 
level  J,  the  microwave  resonance  appears  as  a decrease  in  photoluminescence  intensity 
as  molecules  are  pumped  from  J —*  J + 1.  Conversely,  if  the  laser  pumps  from  level 
J + 1 the  MODR  appears  as  an  increase  in  photoluminescence  intensity.  However,  in 
the  experiments  described  below  the  microwave  resonance  was  always  detected  as  an 
increase  of  about  5-10%  in  the  photoluminescence  intensity  when  either  J or  J + 1 
was  optically-  pumped.  The  indication  then  is  that  strong  optical  pumping  is  occurring 
and  the  major  contribution  to  the  rotational  population  inequality  is  the  depletion 
caused  by  the  laser.  It  is  noteworthy  that  zero  MODR  intensity  may  accidentally 
result  when  level  J is  pumped  and  the  laser  intensity  is  just  large  enough  to  cancel  the 
Boltzmann  inequality.  When  searching  for  a particular  resonance,  then,  it  is  experi- 
mentally wise  to  optically  pump  from  the  upper  of  two  rotational  states  such  as  to 
drive  the  population  difference  further  from  thermal  equilibrium. 

The  MODR  of  52+  states  has  several  minor  differences  from  that  of  '2  states  discussed 
previously  in  the  study  of  BaO  (7).  Of  particular  interest  is  the  number  of  different 
transitions  observed  in  MODR  compared  to  conventional  single-photon  microwave 
absorption  experiments.  The  unpaired  electron  spin  in  *2+  state  molecules  couples  to 
the  molecular  rotation  and  produces  a doubling  of  all  rotational  levels.  As  a result,  a 
conventional  microwave  absorption  spectrum  consists  of  sets  of  three  lines  (correspond- 
ing to  A J = 0,  ±1)  spaced  at  approximately  2 B (AiV  = ±1).  The  relevant  connections 
for  an  X"  = 2 — * 3 transition  are  shown  in  Fig.  1 by  the  solid  line  and  dashed  lines. 
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Fig.  1.  Schematic  of  MODR  in  *2+  states.  Solid  lines  represent  possible  double-resonance  transitions 
while  the  additional  dashed  lines  show  the  two  further  transitions  which  would  be  observed  in  a con- 
ventional microwave  spectrum.  These  dashed  lines  would  also  be  observed  in  double  resonance  by 
optically  pumping  Pi  (2). 

In  practice,  for  an  X — > X -f-  1 transition,  the  line  strengths  of  AJ  = + 1 transitions 
increase  with  increasing  J while  for  AJ  = 0 the  intensity  decreases  rapidly  with  J 
{13).  Thus,  two  lines  of  comparable  intensity  are  expected,  separated  by  y,  the  spin 
doubling  constant,  and  a weaker  line  displaced  in  frequency  by  —y(X  -f  1)  from  the 
unsplit  line  center.  However,  in  MODR  the  situation  is  altered  somewhat  because  the 
laser  selects  one  particular  spin  manifold.  In  SrF  this  selection  is  possible  as  a con- 
sequence of  the  much  larger  spin  doubling  in  the  B *2+  electronic  state  caused  by  the 
close  proximity  of  the  A *11  state  (6,  P).  Thus,  the  optical  excitation  spectrum  shows 
clearly  separated  Ph  P2,  Rh  and  R?  branches  (6).  If  the  laser  pumps  from  the  lower  of 
two  rotational  levels  in  the  F2  ( J " = X"  — J)  spin  manifold,  by  either  pumping  a 
Pt{N")  or  R*(X”)  coincidence,  only  one  microwave  transition  is  observed,  as  shown  by 
the  solid  line  in  Fig.  1.  In  contrast,  optical  pumping  of  the  F,  manifold  will  produce  two 
MODR  transitions,  as  shown  by  the  dashed  lines  in  Fig.  1,  if  the  sensitivity  is  sufficient 
to  observe  the  0-branch  (AJ  = 0)  lines.  For  optical  connections  from  the  upper  rota- 
tional level,  the  process  is  reversed ; pumping  Fs  produces  two  lines  while  F,  produces 
only  one  resonance. 

A further  consequence  of  the  impaired  electron  spin  is  hyperfine  effects  from  the 
electron  spin-nuclear  spin  coupling.  I9F  has  / = $ such  that  nuclear  quadrupole  interac- 
tions are  not  expected.  However,  Fermi  contact  and  spin  dipolar  interactions  (70)  are 
possible.  As  mentioned  earlier,  attempts  to  obtain  hyperfine  constants  were  thwarted 
because  AF  = ±1  transitions  could  not  be  resolved  and  the  weaker  AF  = 0 transitions, 
which  are  split  further  apart,  were  not  detectable.  Hyperfine  structure  in  MODR 
should  be  identical  to  that  observed  with  conventional  microwave  methods  because 
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these  small  effects  cause  line  splittings  which  are  very  much  less  than  the  Doppler 
width  and  therefore  all  hyperftne  levels  are  simultaneously  optically  pumped.  For- 
'■  tunately,  the  matrix  isolation  ESR  spectrum  of  SrF  has  been  analyzed  (//)  so  that  an 

approximate  treatment  of  these  unobserved  effects  could  be  included  in  the  analysis  of 
the  microwave  spectrum.  Further  discussion  of  this  point  is  deferred  until  Section  IV. 

/ 

III^EXJ^Ef^If^T'AL.BfcOGCE  — — ♦*  * ** 

The  production  of  the  SrF  radical  and  the  optical  arrangement  were  exactly  the  same 
as  those  described  in  the  rotational  analysis  of  the  B *2+~X  *2+  system  of  SrF(tf). 
Namely,  a Spectra-Physics  Model  580  dye  laser  operating  single  mode  was  directed 
vertically  into  a flowing  reaction  cell  containing  strontium  metal  vapor  and  SF,. 
Photoluminescence  was  viewed  perpendicular  to  the  laser  in  either  one  of  two  configura- 
tions; excitation  spectra  were  detected  by  viewing  through  an  appropriate  broad-band 
(20-nm)  interference  filter  while  spectrally  resolved  photoluminescence  was  obtained 
through  a 1-m  McPherson  monochromator  with  a typical  bandpass  of  0.04  nm. 

Microwaves  from  various  phase-locked  OKI  klystrons,  spanning  the  range  30-60 
GHz,  were  directed  into  the  cell  via  a horn  radiator  in  a fashion  similar  to  that  described 
ear'ier  in  studies  of  BaO  (7).  Microwave  frequency  measurements  were  made  in  a 
standard  manner  by  mixing  the  source  klystron  output  with  a phase-locked  Varian 
X-13  klystron  and  locking  to  a 60-MHz  IF.  The  source  klystron  was  swept  by  applying 
a voltage  ramp  to  the  reflector  of  the  X-13  and  maintaining  a phase  lock.  Typically  the 
X-13  was  scanned  over  about  4-5  MHz  while  the  source  klystron  covered  15-30  MHz. 

In  all  cases  the  MODR  signal  was  detected  as  a change  in  the  rotationally  resolved 
photoluminescence  intensity.  Several  advantages  in  signal-to-noise  ratio  are  gained  by 
monitoring  changes  in  intensity  of  a particular  rotational  transition.  The  major 
contributions  to  noise  in  our  spectra  are  from  dye  laser  intensity  and  spatial  fluctuations 
and  from  flame  instabilities  in  the  Sr  + SF6  reaction,  Naturally,  a decreased  spectral 
bandwidth  minimizes  chemiluminescent  flame  intensity  excursions.  In  addition,  the 
optical  spectrum  is  sufficiently  dense  that  often  more  than  one  coincidence  occurs  during 
pumping  of  the  desired  transition.  Resolved  photoluminescence  thus  eliminates  un- 
wanted coincidences,  which  do  not  produce  any  MODR  signal,  and  hence  minimizes  the 
troublesome  photoluminescence  noise  contribution  from  laser  amplitude  fluctuations.  In 
practice,  resolved  means  tuning  the  monochromator  to  the  member  of  the  PR  doublet 
which  the  laser  is  not  pumping.  The  resolution  becomes  easier  for  increasing  values  of 
J because  the  PR  spacing  is  greater  and  hence  wider  slits  can  be  tolerated.  Thus, 
better  signal-to-noise  ratios  are  obtained  with  higher-/  transitions.  Line  strengths  of 
both  the  optical  and  microwave  transitions  also  increase  approximately  linearly  with 
/ so  it  is  desirable  to  measure  higher-/  transitions. 

It  is  also  advantageous  to  optically  pump  R-branch  coincidences  rather  than  P branches 
because  the  R(N")-P(N"  -f  2)  separation  is  larger  than  P(N")-R{ A'"  — 2).  Three 
* special  R-branch  coincidences,  Pi(l),  P-X 2),  ar|d  7*2(1),  should  also  be  avoided  because 

their  corresponding  R partners  do  not  exist!  Even  with  these  considerations  the  S/N 
’ was  only  between  1 and  10  with  a typical  integration  time  of  3 sec. 
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TABLE  I 

Measured  Transition  Frequencies  in  the  Rotational  Spectrum  ot  the  Ground  X state  of  SrF 
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IV.  ANALYSIS  AND  DISCUSSION 

A.  General  Considerations 

The  measured  microwave  transition  frequencies  and  the  laser  coincidences  used  in 
observing  the  lines  are  collected  in  Table  I.  Only  | AA’|  = 1,  [ AJ  | =1  transitions  were 
observed  because  the  0-branch,  A/  = 0,  lines  were  too  weak.  Line  position  measure- 
ments are  less  precise  than  in  conventional  microwave  spectroscopy  of  stable  molecules 
because  of  the  lower  S/N  and  because  the  linewidths  are  typically  15-20-MHz  FWHM. 
Ninety-five  percent  confidence  limits  of  the  frequency  measurements  are  contained 
in  parentheses  in  Table  I.  This  number  represents  the  standard  deviation  of  the  mean 
of  If  measurements  scaled  by  Students’s  / factor  for  (N  — 1)  degrees  of  freedom. 

Several  reasons  for  the  broad  lines  exist.  First,  a transition  denoted  by  |Ar,l  J')~ 

| N",  J")  in  fact  consists  of  two  overlapped  hyperfine  transitions  with  F'  = J' 
and  F"  = J"  ± §,  second,  stray  magnetic  fields  from  the  tungsten  basket  heater  and 
the  earth’s  field  can  cause  a large  Zeeman  splitting  because  of  the  unpaired  electron  spin, 
and  finally,  the  large  expected  dipole  moment  and  the  high  microwave  power  necessary 
to  observe  MODR  may  result  in  broadening.  These  effects  are  considered  in  more 
detail  below. 

Knight  el  al.  ( 11 ) have  previously  analyzed  the  ESR  spectra  of  matrix-isolated  MgF, 
CaF,  SrF,  and  BaF  and  have  obtained  1SF  hyperfine  constants.  The  experimental 
values  of  An  and  are  related  to  the  rotating  molecule  hyperfine  constants,  b,  and  c, 
of  Frosch  and  Foley  (12),  by  the  expressions 

A»0  = (An  + 2AJ/3  = (8,r/3)gA^-.|*(0)J|  = b.  + (c,/3)  (1) 

and 

Adip  = (An  - A i)/3  = gcScg,fin((3  cos2*  - l)/2r*>  = c,/3.  (2) 

Using  the  experimental  ESR  values  of  A„0  — 105  MHz  and  Aap  = 10  MHz,  it  is 
then  possible  to  calculate  the  hyperfine  contributions  to  the  rotational  energy  to 
examine  their  effect  on  the  transition  frequencies.  The  rotating  molecule  problem  is 
conveniently  formulated  in  a Hunds  case  bgj  basis  set,  [ FIJSXXM?)  (12,  1).  Matrix 
elements  of  the  Fermi  contact,  (b,  + c,/3)I-S,  and  spin  dipolar,  (c,/3)6JFo<2)(I,  S), 
interactions  in  a case  b)j  basis  have  been  given  by  Dixon  and  Woods  (I).  Contributions 
due  to  the  nuclear  spin-rotation  C/N  • I were  neglected.  Diagonalization  of  the  Hamil- 
tonian shows  that,  for  the  lines  measured,  two  hyperfine  transitions  occur  within  about 
1-2  MHz  of  each  other.  This  overlap  certainly  constitutes  an  apparent  line-broadening 
mechanism.  Furthermore,  the  two  hyperfine  transitions  are  not  symmetrically  displaced 
from  the  unsplit  line  center.  Although  in  most  cases  the  discrepancy  is  less  than  the 
experimental  line  position  uncertainty,  the  measured  line  positions  have  been  corrected 
for  this  shift  by  assuming  that  both  hyperfine  transitions  are  of  comparable  intensity 
and  their  mean  frequency  is  the  unresolved  line  center.  The  difference  between  the 
«.  mean  frequency  and  the  unperturbed  line  center  was  then  applied  as  a correction  to  the 

measured  line  position.  Table  II  lists  the  corrected  frequencies  and  their  least-squares- 
fitted  values.  The  standard  deviation  of  the  fit  improved  by  a factor  of  2 with  this 
* correction.  Justifiably  the  line  position  which  had  the  most  effect  was  the  AT  = 1 — ► 2, 

J = J — » j,  where  the  correction  applied  was  the  largest  (—4.1  MHz)  and  lay  outside 
the  estimated  experimental  uncertainty.  Figure  2 shows  schematically  a typical  example 
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TABLE  n 

Experimental  Line  Positions  of  SrF  Corrected  for  Hyperfine  Effects  and 

Comparison  with  Least-Squares-Fitted  Value  f 

TRANSITION CORRECTED  POSITION  (MHz) CALCULATED  (MHz) 


V ■ 

0 

12,3/2) -|l,l/2> 

29912.2 

29912.9 

V * 

0 

1 2 , 5/2)  - 1 1 , 3/2) 

29988.0 

29987.5 

V * 

0 

| 3, 5/2) -|  2, 3/2) 

44888.8 

44887.5 

V ■ 

0 

1 3,7/2)  - 1 2 , 5/2) 

44962.2 

44962.2 

V * 

0 

1 4 , 7/2)  - 1 3,5/2) 

59861.3 

59861.0 

V * 

0 

|4,9/2>-|  3,7/2) 

59936.0 

59936.3 

V * 

i 

1 3, 7/2) -12,5/2) 

44685.5 

44684.0 

V * 

l 

1 4 , 7/2)  - 1 3 , 5/2) 

59491.2 

59491.1 

V * 

l 

| 4,9/2) -13,7/2) 

59564.7 

59565.5 

of  the  magnitude  of  these  effects  and  more  clearly  indicates  the  coupling  scheme.  It  is 
clear  that  observation  of  AF  = 0 transitions  for  these  higher-Ar  transitions  is  necessary 
to  obtain  experimental  values  of  the  hyperfine  constants. 

It  is  difficult  to  assess  the  exact  magnitude  of  the  stray  magnetic  fields  present  under 
operating  conditions  in  the  reaction  zone.  However,  no  attempt  was  made  to  cancel  the 
effects  of  the  earth’s  field  so  that  fields  of  the  order  of  0.5-1  G are  not  unreasonable.  In 
molecules  with  unbalanced  spin  angular  momentum,  fields  of  this  magnitude  cause 
Zeeman  splittings  of  several  megahertz  but  fortunately  the  splittings  are  symmetrical 
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Fic.  2.  Schematic  diagram  of  hjperfine  splitting  in  the  X state  of  SrF.  The  reason  for  the  un- 
resolved structure  is  apparent  in  the  similar  magnitudes  of  the  splitting  for  different  J states. 
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about  the  zero-field  line  position  and  do  not  affect  the  measured  frequency.  However, 
the  magnetic  fields  can  certainly  contribute  to  line  broadening. 

Microwave  power  saturation  can  provide  another  mode  of  line  broadening.  Experi- 
mental attempts  to  determine  the  magnitude  of  this  contribution  failed  because  of  the 
rapid  decrease  in  signal  intensity  with  decreasing  microwave  power.  Quantitative 
experimental  treatment  of  this  effect  requires  much  better  initial  signal-to-noise  ratios 
to  enable  larger  decreases  of  microwave  power  without  complete  loss  of  MODR  signal. 

Experimental,  apparatus  is  at  peeswit  wder  consuuttiofi'fo  alfeviate  the  problems  of 
broad  lines  and  low  sensitivity  discussed  above.  Briefly,  a heat  pipe  oven  (14, 15),  which 
produces  a homogeneous  vapor  distribution,  is  to  be  used  for  production  of  SrF  from 
Sr  metal  and  a trace  of  SF».  Not  only  does  this  method  provide  a more  uniform  con- 
centration distribution  than  a flame,  but  also  symmetric  placement  of  the  heating 
elements  in  a four-way  crossed  heat  pipe  oven  will  minimize  the  heater  magnetic  fields. 
The  arrangement  is  also  conducive  to  placement  of  external  Helmholtz  coils  to  cancel 
the  earth’s  field.  In  addition  the  microwaves  can  be  introduced  and  the  experiment 
performed  inside  the  waveguide  by  contradirecting  the  laser  and  microwaves  collinearly 
and  viewing  the  photoluminescence  through  a small  slot  milled  in  the  waveguide  wall 
(18).  The  anticipated  improvement  in  resolution  and  sensitivity  will  allow  measurement 
of  weaker  AJ  = 0 transitions,  and  further,  extraction  of  experimental  hyperfine 
parameters. 

B.  Data  Treatment 

The  corrected  transition  frequencies  listed  in  Table  II  were  fitted  to  the  standard 
model  Hamiltonian  for  ground  state  *2+  molecules  (1,  16),  namely, 

3C  = C B,-  N(N  + 1)D]N‘  - y.N  S,  (3) 

using  a weighted  least-squares  procedure.  For  the  lines  measured  (AJ  = 1)  the  transition 
frequencies  for  N — > N + 1 are  given  by  the  one  simple  expression 

v = 2 B.  (N  +1)  - 4 D(N  + l)3  ± 7-/2,  (4) 

where  the  ± sign  refers  to  J = iV  =fc  S.  D was  held  as  a fixed  parameter  (D  = 4B,*/a>,,) 
and  the  lines  were  used  to  fit  Bt  and  y,  only.  The  standard  deviation  of  the  fit  was  0.8 
MHz  for  v = 0 and  1.7  MHz  for  v = 1.  Table  III  lists  the  constants  derived  from  the 
fit  to  the  six  measured  lines  in  v"  = 0 and  three  lines  in  v"  = 1.  Uncertainties  are  95% 
confidence  limits  in  the  last  digit  obtained  by  scaling  the  standard  deviation  of  the 
parameters  by  Student’s  t factor  for  (n  — 2)  degrees  of  freedom. 

Not  only  are  the  constants  from  the  fit  in  excellent  agreement  with  those  obtained 
from  the  B52+-Xl2+  optical  analysis  (6),  but  they  also  represent  a vast  improvement 
in  accuracy.  Because  of  this  improved  accuracy  and  the  high  degree  of  correlation  of 
s constants  derived  from  the  optical  spectrum  (6),  it  is  then  possible  to  project  this 

improved  accuracy  into  the  excited  state  B 22+  constants  by  merging  the  data  from  the 
two  experiments.  Albritton  and  co-workers  (17)  have  given  a very  complete  discussion 
•"  of  the  significance  and  formalism  of  combining  data  and  their  recommended  method 

has  been  followed.  Briefly,  this  procedure  uses  two  sets  of  spectroscopic  constants  and 
corresponding  covariance-variance  matrices,  obtained  from  independent  least-squares 
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TABLE  III 

Ground-State  (A'  *2+)  Constants  (MHz)  of  SrF  Derived  from  a Least-Squares  fit 
of  Measured  Microwave  Frequencies  • 

B."  = 7487.61(13)  MHz 
Bi  = 7441.3(12)  MHz 
7."  = 74.7(17)  MHz 
7i"  = 74(18)  MHz 
D"  - D,’’ (fixed)  = 0.00743  MHz 

• Uncertainties  represent  95%  confidence  limits  of  the  last  digit. 

fits  of  optical  and  microwave  transition  frequencies,  as  imput  data  for  a final  merged 
fit.  The  spectroscopic  constants  v0,  B,',  B," , 7,',  and  7,"  obtained  from  the  fit  to  the 
optical  transition  frequencies  were  combined  with  the  B,"  and  7/'  from  the  microwave 
data  to  obtain  the  final  set  of  the  five  common  constants.  The  values  of  these  constants 
and  subsequently  derived  equilibrium  values  are  collected  in  Table  IV.  Uncertainties 
represent  95%  confidence  limits  in  the  last  digit.  The  estimated  variance-covariance 
matrix  used  in  the  final  correlated,  weighted  fit  was  obtained  from  a composition  of 
the  variance-covariance  matrices  from  both  the  optical  and  microwave  fits.  Table  IV 
clearly  demonstrates  the  improvement  in  accuracy  of  excited  state  constants  over  those 
obtained  from  optical  data  alone  ( 6 ) as  a result  of  the  high  degree  of  correlation  between 
parameters.  A word  of  caution  concerning  the  interpretation  of  the  B value  in  the  B *2+ 
state  is  necessary.  Our  model  defines  B as  the  coefficient  of  X(N  -f-  1).  It  certainly  does 
not  represent  (l/r5),  to  the  degree  of  accuracy  indicated  in  this  constant  because  of 
the  inescapable  contamination  of  the  rotational  constant  by  magnetic  contributions 

TABLE  IV 

Spectroscopic  Constants  (cm-1)  for  the  X t2+  and  B *Z+  States  of  SrF  Derived  from  a Merged  Fit  of 
Microwave  and  Optical  Excitation  Spectra  Data 


X21+ 

b2e+ 

Bo 

0.249760(3) 

0.248617(5) 

B1 

0.248214(6) 

0.247060(8) 

Be 

0.250533(5) 

0.249396(9) 

a 

e 

1.546(7)  X 10‘3 

1.557(9)  X 10-3 

De 

2.49(1)  X 10-7 

2.52(1)  x 10“7 

T„ (spin- 
rotation) 

0.00249(4) 

-0.13537(18) 

=-£i 

7, (spin- 
rotation) 

0.00248(9) 

-0.13528(27) 

3Z 


t 


t 


f 


S 


L 


0.00012 
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from  the  nearby  A *IIr  state.  An  estimate  of  this  contribution,  qz,  for  two  states  in  pure 
precession  (6),  is  also  contained  in  Table  IV  and  this  value  should  be  subtracted  from 
B to  obtain  a more  realistic  value  of  (l/r1),. 
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Continuous  Wove  Dye  Laser  Excitation  Spectroscopy 
CaF  A2 nr-X2z+1 

Robert  W.  Field,’  David  0.  Harris,  and  Takehiko  Tanaka’ 

Quantum  Institute,  University  oj  California,  Santa  Barbara,  California  93106 

Excitation  spectra  for  the  CaF  A,n-X*2(0, 0),  (1, 1),  and  (1, 0)  bands  have  been  observed 
and  assigned.  The  rotational  analysis  of  the  CaF  A-X  and  B-X  bands  by  B.  S.  Mobanty  and 
K.  N.  Upadhya  [Ini.  J.  Pure  Appl.  Phys.  5,  523  (1967)J_is  shown  to’be'incorrect.  Because 
it  is  possible  to  make  independent  rotational  assignments  of  each  line  in  an  excitation  spec- 
trum by  observing  frequency  differences  and  relative  intensities  in  photoluminescence  spectra, 
tunable  laser  excitation  spectroscopy  promises  less  ambiguity  than  traditional  techniques  for  — ••  - 
assignment  of  dense,  badly  overlapped  spectra. 


The  following  spectroscopic  constants  (in  cm"1)  are  obtained  for  the  CaF  A*n  and  X’Z 
states.  Numbers  in  parentheses  correspond  to  three  standard  deviations  uncertainty  in  the 

last  digit. 

x*z 

Am 

rte 

0 

*n, 

16493.1(6) 

«n, 

16565.6(6) 

- * 

AG(J) 

581.1(9) 

m, 

586.8(9) 

B. 

0.3385(11) 

0.3436(12) 

. 

B.(a  = |)  - B.(n  = J) 

— 

0.00312(21) 

a 

0.00255(48) 

0.00283(45) 

D(estimated) 

4.44  X 10-» 

4.55  X 10-» 

7 (spin-spin) 

l7l  <3X  10-* 

— 

Aa(spin-orbit) 

— 

73.4(9) 

• 

• 

(lambda  doubling) 

— 

-0.045(4) 

The  origin  of  the  A’np- X*Z  (1, 1)  subband  is  measured  5.54(15)  cm-1  to  the  blue  of  the  cor- 
responding (0, 0)  subband  origin.  The  (0, 0)  band  Qt  head  is  observed  to  form  at  / - 26  ± 0.5. 

The  difference  of  A ’Hi  and  /i*IJ|  effective  rotational  constants  is  2 B*/A.  The  A1  n lambda 
doubling  constant  p agrees  well  with  the  pure  precession  estimate  of  the  interaction  between 
the  A’U  and  B*Z  states. 

I.  INTRODUCTION 

Tunable  laser  excitation  spectroscopy  has  been  shown  to  be  a powerful  tool  for  the 
• analysis  of  complex  electronic  spectra.  An  excitation  spectrum  is  a record  of  the  intensity 

1 This  research  was  supported  by  AFOSR  Grant  No.  AFOSR-73-2565,  Army  Grant  No.  DA-ARO-D- 
. 31-124-73-G174,  and  NSF  Grant  GP-35672X. 

’Present  address:  Department  of  Chemistry,  Massachusetts  Institute  of  Technology,  Cambridge, 
Masa  02139. 

* Visiting  Scientist  from  Department  of  Chemistry,  Faculty  of  Science,  Kyushu  University,  Fukyoka, 

Japan. 
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2A3LS  I - CH  - *E  P*otolur. Ir.-^ccncc  tinea 


Level  Exalted*'*  Fhotolualn-** cence  Line*  C 

B-P  Separation 

Q Position 

*x(j'-l),4  «uCj'), 

wv 

• 

Si(j'),  PM(J'+1) 

(Vt'A)b' 

sJj'-i)  - Si(j')  - »Y 

FjfcCJ*) 

*»(J'-1),  Qai(j'), 

<iu'+W 

*»(J'-1)  - Sai(J')  - JY 

«*( J')»  Ikl(j'+l) 

9»(J')  - fciO'+l)  - (J  'u)y* 

m ?-  GM31  3'  - J #-t,  Tm  amvis  N ' m j'+J.  For  a regular  (Inverted)  cue'a*  state,  Fi  levels  are 

<*-4 ) «d  Fa  ^ (*;j).  * 

* e,  d ere  rotation  Independent  parity  labels  for  *3  lanbda  doublets.  'c'  lev,!-  bare  the  sane  total 
parity  as  levels  vitb  tie  cane  value  of  J and  Hi  *df  levels  tava  opposite  parity. 

c Transitions  are  designated  by  specifying  the  J-value  for  the  lover  electronic  state,  J*,  in  parentheses 
follovring  the  branch  designation.  R(J  -1)  xeans  J*  - J -1. 

4 Absent  if  )'  - %. 

* ■<’  is  the  *Zf  spin-rotation  constant. 


of  laser  excited  photoluminescence  obtained  as  the  laser  excitation  wavelength  is 
swept  (7).  Although  information  contained  in  an  excitation  spectrum  is  often  equivalent 
to  that  in  an  absorption  spectrum,  excitation  spectroscopy  can  be  superior  in  sensitivity, 
resolution,  and,  most  important,  freedom  from  ambiguity  in  line  assignment.  Each  line 
in  an  excitation  spectrum  may  be  assigned  independently  of  all  other  lines  on  examina- 
tion of  photoluminescence  excited  while  the  laser  remains  tuned  to  coincide  with  the 
desired  excitation  line. 

CaF  bands  were  selected  for  study  as  an  application  of  excitation  spectros- 

copy to  a band  system  considerably  more  complex  and  dense  than  BaO  *2— A'  ‘2  (2) 
yet  much  simpler  than  (J).  Rotational  analyses  have  been  completed  for 

very  few  electronic  transitions  of  alkaline  earth  monohalides  {4-13)  because  their 
spectra  are  dense  and  extensive  overlapping  of  vibrational  sequence  bands  (Av  = const) 
occurs.  Even  when  spectral  resolution  is  adequate  to  resolve  individual  rotational  lines, 
the  vast  number  of  interleaved  branches  and  bands  makes  the  task  of  pattern  recognition 
and  line  assignment  by  traditional  combination-difference  relations  formidable.  Portions 
of  the  CaF  i4*II-X*2  (0, 0),  (1, 1),  and  (1, 0)  bands  are  assigned  by  a procedure,  de- 
scribed in  Section  II,  which  takes  advantage  of  the  tunability  and  monochromaticity 
of  a cw  dye  laser  as  well  as  the  ability  to  measure  frequency  separations  between 
members  of  photoluminescence  progressions. 

A rotational  analysis  of  the  CaF  AtII-A'12  (0, 0)  band  has  been  previously  reported 
{11).  We  expected  to  be  guided  by  that  analysis,  but  soon  found  it  to  be  entirely  in- 
correct. Further,  since  two  previously  reported  analyses  of  CaF  B1 2-X*2  bands  (77, 14 ) 
are  based  upon  erroneous  values  of  X^L  rotational  constants,  they  too  must  be  spurious. 
Rotational  reanalysis  of  the  CaF  B-X  bands  by  cw  dye  laser  excitation  spectroscopy 
must  await  availability  of  cw  lasers  tunable  in  the  529  nm  region. 

n.  DISCUSSION 

.-1 5n-*2+  band  has  12  rotational  branches.  Three  branches,  corresponding  to 
/ a-Jz"  = + 1, 0,  — 1 transitions  (/?,  Q,  P branches,  respectively),  originate  from  each 
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of  four  classes  of  *11  levels:  Fu,  Fu,  Fu,  and  Fu.  ‘c’  and  ‘d’  are  parity  labels  with  V 
levels  of  Jn  having  the  same  total  parity  as  *2+  levels  with  identical  values  of  J and  jY.  • 
F\  levels  have  X'  = J'  — J;  Ft  levels  have  X'  = /'  + §.  Branch  labels  for  the  three 
transitions  associated  with  each  ’ll  fine  structure  level  are  shown  in  Table  I.  In  column  3 
of  Table  I is  the  separation  of  R-  and  P-branch  lines  which  originate  from  the  same  *11 
fine  structure  level.  The  R(J'  —1)  line  necessarily  lies  at  shorter  wavelength  than 
P(J'  +1).  Q(J')  lines  are  not  generally  located  midway  between  R{J'  — 1)  and  P{J'  +1) 
lines;  instead  they  are  nearly  coincident  with  either  the  R(J'  —1)  or  P(J'  +1)  line  as 
indicated  in  column  4.  The  degree  of  coincidence  depends  on  the  spin-rotation  constant, 
y",  and  J'. 

In  order  to  make  a complete  rotational  assignment  6f  a line  belonging  to  a *J]-*2+ 
band,  it  is  sufficient  to  know  with  which  *11  fine  structure  level  the  line  is  associated,  and 
whether  it  is  a member  of  an  R,  Q,  or  P branch.  If  it  is  possible  to  examine  the  photo- 
luminescence spectrum  which  results  when  the  line  in  question  is  optically  pumped,  two 
of  the  four  possible  classes  of  *11  fine  structure  levels  may  be  ruled  out,  one  or  two  of  the 
three  possible  branches  may  be  ruled  out,  and  J'  may  be  determined  if  B"  is  known. 

The  *n-*2+  photoluminescence  spectrum  will  consist  of  groups  of  three  lines  or  of  two 
lines  if  the  Q line  is  not  resolved  from  an  R or  P line  because  y"  is  small.  Each  group  of 
lines  corresponds  to  a transition  to  a different  vibrational  level  of  the  *2+  state.  In  general 
y"  « B",  thus  the  Q line  will  be  nearer  the  long  wavelength  line  if  the  *11  level  is  Fu  or 
Fu  or  nearer  the  short  wavelength  line  if  Fu  or  Fu  (see  Table  I).  If  the  optically  pumped 
line  is  one  of  the  long  ,\  members  of  a group,  then  it  is  P or  Q,  if  it  is  one  of  the  short  X 
members,  it  is  R or  Q.  If  it  is  the  isolated  member  of  a group  of  three  lines  (or  the  weak 
member  of  a group  of  two),  then  it  does  not  belong  to  a Q branch.  If  the  *11  level  belongs 
to  Fu  or  Fu  (doublet  at  long  X),  then 


[/?(/'  -1)  - P{J'  +1)3/4 B"  = 
but  if  it  belongs  to  Fu  or  Fu  (doublet  at  short  X),  then 

[U(7'  -1)  - P(J'  + 1)3/4 B"  = J’  + 1. 


(la) 


(lb) 


Ait  approximate  value  of  B"  may  be  obtained  from  R-P  separations  of  consecutive 
lines  of  any  branch 


B"  - }(!*(/'  -1)  - P(J'  +D3  - IW  ~2)  - W33- 


(2) 


Consecutive  lines  in  a branch  are  recognizable  in  the  following  ways.  Photoluminesccncc 
excited  via  such  lines  will  have  similar  total  intensity  and  similar  R,  Q,  P patterns. 
Consecutive  lines  correspond  to  the  smallest  possible  nonzero  change  in  R-P  separation. 
Even  if  two  lines  belong  to  different  branches  of  the  same  vibrational  band,  the  difference 
in  associated  R-P  separations  can  only  be  an  integral  number  of  4 B"  units.  Lines  be- 
longing to  the  same  branch  are  related  by  constant  second  differences,  2 (B'  —B"). 

Two  ambiguities  in  line  assignment  remain.  The  first  is  related  to  the  sign  of  A ',  the 
*n  spin-orbit  constant.  The  second  is  related  to  the  sign  of  y",  the  *Z+  spin-rotation 
constant. 

The  R,  Q,  P pattern  determines  whether  the  optically  pumped  *n  level  belongs  to 
Fu  or  Fu  as  opposed  to  Fu  or  Fu.  Lack  of  knowledge  of  the  sign  of  A ' means  that. 
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Fig.  1.  Section  of  CsF  excitation  spectrum  near  606  nm.  Each  feature  in  the  excitation  spectrum  is 
indicated  by  a line.  Length  of  line  indicates  relative  intensity.  Two  predicted  but  not  observed  lines  are 
included  to  provide  examples  of  all  four  possible  combinations  of  laser  excitation  (long  or  short  X com- 
ponent) and  photoiumincscence  pattern  (intense  line  at  long  or  short  X). 
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even  if  one  knows  whether  the  level  excited  belongs  to  the  higher  or  lower  energy  *11  spin 
component,  one  does  not  know  whether  an  Fi  or  F*  level  is  involved.  It  is  not  possible 
to  determine  the  sign  of  A'  until  many  lines  of  several  branches  have  been  partially 
assigned.  The  sign  of  A'  is  determined  by  finding  the  P branch  that  starts  with  a P(§) 
line,  the  Q branch  that  starts  with  a Q($)  line,  or  by  detailed  examination  of  the  lambda 
doubling  in  the  iII  state.  If  it  is  possible  to  find  a branch,  the  first  member  of  which 
terminates  in  a J1  —i  level,  that  branch  is  associated  with  *H|.  If  that  branch  is  asso- 
ciated with  the  lower  energy  *n  spin  component,  then  the  *n  state  is  regular. 

The  ambiguity  related  to  the  sign  of  y " may  be  resolved  by  determining  which  of  the 
two  closely  spaced  components  of  a resolved  R,  Q,  P triplet  is  the  Q line.  Whenever 
y"  > 0,  a Q(J')  line  belonging  to  any  of  the  four  possible  Q branches  will  fall  between 
R(J’  —1)  and  P(J'  +1)  lines.  If  y " < 0,  the  Q line  will  fall  outside  the  R and  P lines. 
If  examples  of  photoluminescencc  triplets  arising  from  all  four  classes  01*11  fine  structure 
components  are  obtained,  regardless  of  the  *11  coupling  case,  in  at  least  two  of  the  four 
cases  the  Q line  will  have  more  than  twice  the  intensity  of  the  neighboring  Rot  P line, 
which  in  tum  will  have  intensity  comparable  to  the  isolated  member  of  the  photo- 
luminescence triplet  (15).  Thus  if  a triplet  is  observed  where  one  line  has  more  than 
twice  the  intensity  of  either  of  the  other  two,  then  if  the  intense  line  lies  between  the 
other  two  lines,  y"  > 0 and  Q lines  will  always  lie  between  R and  P lines. 

In  summary,  the  analysis  of  a band  proceeds  as  follows.  A map  of  the  excitation 
spectra  is  constructed  similar  to  the  example  in  Fig.  1.  Information  recorded  includes: 
frequency  differences  between  adjacent  excitation  lines,  R-P  separations  in  photo- 
luminescence spectra  obtained  for  each  excitation  line,  an  indication  of  which  member 


CaF:  AHl^X'Z* 


111 


« 


of  the  photoluminescence  triplet  coincides  with  the  excitation  line,  and  the  position  of 
the  Q line  relative  to  the  R and  P lines.  This  information  is  sufficient  to  sort  lines  into’ 
12  different  branches,  to  establish  J'  for  each  line,  to  obtain  B"  from  R-P  separation 
of  consecutive  lines  of  the  same  branch,  to  determine  y",  and  to  label  each  branch  as 
R,  Q,  or  P.  When  /'  *=  $ lines  are  located  the  final  branch  labels  and  the  sign  of  A arc 
unambiguously  determined.  Finding  J'  = J lines  by  photoluminescence  spectroscopy 
is  much  easier  than  locating  them  in  a necessarily  crowded  region  of  an  absorption  or 
emission  band. 

MI.  EXPERIMENTAL. 

A.  Production  oj  CaF 

The  experimental  arrangement  used  for  observing  photoluminescence  and  excitation 
spectra  of  CaF  was  similar  to  that  employed  in  experiments  with  BaO  (2).  Dye  laser 
light  entered  the  photoluminescence  region  from  the  top  through  a Brewster  angle 
window  and  a 3 mm  aperture.  Calcium  metal  was  vaporizer]  fjorn  an  alumina  crucible 
in  a tungsten  basket  heater.  Calcium  vapor  was  entrained  in  argon  and  carried  into  the 
photoluminescence  region  where  it  reacted  with  SF«.  Photoluminescence  was  monitored 
simultaneously  through  a j meter  double  monochromator  and  through  a 20  nm  FWHM 
interference  filter  centered  at  600  nm. 

The  calcium  oven  operated  near  900  °K  with  220  W power  input.  Five  hours  of  con- 
tinuous oven  operation  was  typical  with  a 2 g initial  charge  of  calcium.  Argon  carrier 
gas  flow  rate  was  2 cm*  sec-1  Pressure  in  the  photoluminescence  chamber  was  0.5  Torr. 
Under  these  conditions  a weak,  diffuse,  red  chemiluminescent  glow  was  observed  in  the 
photoluminescence  region. 

B.  Photoluminescence  and  Excitation  Spectra 

The  cw,  rhodamine  6-G  dye  laser,  frequency  stabilized  and  fine  tuned  by  two  intra- 
cavity etalons,  has  been  described  elsewhere  (2).  The  wavelength  range,  570-615  nm, 
over  which  the  dye  laser  could  be  tuned  continuously  with  spectral  bandwidth  less  than 
0.001  cm-1  and  power  greater  than  10  m W permitted  excitation  of  CaF  A,n-A'*2  bands 
which  belong  to  rA'-rj"  «=  0 and  +1  sequences  (16).  Photoluminescence  was  observable 
only  in  As  = +1, 0,-1  sequences  near  585,  605,  and  625  nm,  respectively. 

Photoluminescence  progressions  excited  by  the  dye  laser  consisted  of  three  pairs  of 
lines,  except  when  a t/  = 0 level  was  excited,  in  which  case  the  At  = +1  doublet  near 
585  nm  was  necessarily  absent.  The  absence  of  a At  = +1  doublet  enabled  features 
excited  in  the  At  = 0 region  (near  605  nm)  to  be  assigned  to  the  (0, 0)  band. 

The  observation  of  pairs  of  lines  rather  than  triplets  in  photoluminescence  spectra 
implies  that  y"  is  very  small.  An  upper  limit  for  y"  was  obtained  from  examination  of 
the  feature  in  the  excitation  spectra  assigned  as  P\( 22  j)  + Q,s(21.5).  As  the  dye  laser 
was  tuned  with  spectral  bandwidth  less  than  0.001  cm-1  through  this  feature  in  0.003 
cm-1  steps,  no  splitting  could  be  detected,  thus 

|y"|  < AnM>p,„/(J Y + 1)  = 0.06/23  < 3 X 10~* cm-‘.  (3) 

The  fact  that  ^-branch  lines  always  coincide  with  an  R-  or  P-branch  line  simplified 
assignment  of  the  CaF  A-X  excitation  spectrum.  Figure  1 shows  a portion  of  a typical 
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annotated  excitation  spectrum.  R-P  separations  in  Ar  = 0 bands  were  measured  to 
±0.01  nm  using  a monochromator  with  spectral  slitwidth  of  0.05  nm.  Separation  qf 
successive  lines  in  the  excitation  spectrum  were  measured  to  ±0.5  GHz  (±0.01  cm-1) 
using  an  optical  spectrum  analyzer  with  3.0  GHz  free  spectral  range.  Whether  the  laser 
excited  an  R-  or  5-branch  line  was  established  by  noting  whether  the  laser  frequency 
coincided  with  the  short  or  long  X component  of  a photoluminescence  doublet.  The 
(7-branch  line  coincided  with  the  more  intense  doublet  component.  The  above  observa- 
tions are  sufficient  to  assign  the  features  shown  in  Fig.  1.  The  branch  designations  of 
Fig.  1 are  trial  assignments,  made  by  assuming  that  the  lower  energy  A*II  spin  substatc 
is  *n»  and  by  noting  whether  the  line  excited  belongs  to  a branch  associated  with  the 
higher  or  lower  energy  *n  substate.  These  trial  branch  designations  were  subsequently 
verified  by  locating  the  Qi(0.5)  line,  thereby  proving  that  the  lower  energy  *11  substate 
is  in  fact  *flj  and  that  the  CaF  A* II  state  is  regular. 

Frequency*  differences  measured  between  lines  belonging  to  CaF  ATI-Jra  (0,0), 
(1, 1),  and  (1, 0)  bands  are  listed  in  Table  II.  All  of  these  frequency  differences  were 
simultaneously  least-squares  fitted  to  obtain  b,",  a",  5/(fi  = J),  5/(0  — §),  and 
the  lambda  doubling  constant  p.  Centrifugal  distortion  constants  calculated  from 
D = 4 5 ,*/«,*  (17)  were  included  as  fixed  parameters  and  it  was  assumed  that 


a'(R  = })  = o/(0  = § ).  Energy  expressions  used  were,  for ’S 

Fi(X)  = Fj(.V)  = 5,". YCY  + 1)  - D"X*(X  + 1)*,  (4) 

B,"  = B."  - a"(v  + }),  (5) 

and  for  *0  (19, 20) 

Fu(J)  = B/(a  = i )J(J  +1)  - vr-(j  + 1)*  - P/2(J  + i),  (6a) 

Fu(J)  = B/(U  = i)J(J  + 1)  - DT-(J  + l)1  + p/2(J  + i),  (6b) 

Fu(J)  = FU(J)  = B/((I  = §)7(7  + 1)  - VJ'(J  + 1)*,  (6c) 

5/(0  = i)  = 5/(0  = J)  - a'(r  + *),  (7a) 

5/(0  = f)  - 5/(0  = *)  - a'(r  + *).  (7b) 

Subband  origins,  defined  consistent  with  Herzberg  (21)  are 

,.(0  = })  = Q1(i)  - *5/(0  = |),  (8a) 

r.(0  = §)  = Rtl(i)  ~ 15/45/(0  = §),  (8b) 

and  the  spin-orbit  splitting  of  a *11  state  is  (22) 

A = r,(0  - |)  - r»(0  = *)  + 25.  (9) 


Band  origins  were  obtained  from  extrapolated  positions  of  Qi(J)  or  Rt j(|)  lines  and 
wavelengths  of  specific  features  of  the  excitation  spectrum  measured  relative  to  standard 
Ne  atomic  lines  (23). 

Wavelengths  of  several  features  of  the  excitation  spectra  were  measured.  Uncertainties 
given  are  estimates  of  three  standard  deviations.  In  the  (0, 0)  band  the  7>i(22.5)  line  is 
0.112  ± 0.02  rm  to  the  blue  of  X,i,  606.4536  nm;  the  Q:  bandhead  observed  to  form 
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TAB [£  III  - foP  A*n»X*T  (0«0)  Bind  CMenlitcd  3r*ctrun 


J* 

SltJ) 

Tu(J) 

I 

3 

© 

e*(J)«WJ*i) 

o.s 

. 

I0.933i’h 

ia9».i2h 

. 

16566.21 

16566.© 

i.j 

lase.TO 

93.6? 

95.67s 

. 

16566^6 

66.58 

67.93 

2.5 

3-5 

92.*? 

92.10? 

96-53 

97.60 

» 

16562.86 

61.86 

66.97 

67.36 

68.99 

70.06 

6.5 

91.81? 

96.6? 

98.67 

88.26 

60.90 

<7.77 

71.16 

5-5 

91.52? 

95.02s 

99-T6 

87.25 

59.96 

0-7? 

68.19 

72.26 

6-5 

91.25? 

95.38? 

16500.83 

86.26 

59.00 

0.67* 

68.62 

T3.35 

I’5 

90.98? 

95.-76J 

01-92 

85.26 

58.0T 

0.2? 

69.07 

76.67 

8.5 

SO.pJ 

95.1^ 

03.02 

86.28 

57.16 

65.00s 

©.53 

T5.60 

9-5 

90A5J 

96.63? 

06.12 

83.30 

56.26 

62.79- 

70.00 

76.75 

10.5 

•11.5 

96.8? 

97-27? 

05.23 

06.36 

82.33 

81*37 

U 

l:”s 

70.69 

70.99 

7T.91 

79-03 

12.5 

©.72? 

97.67? 

07* *T 

80.61 

Si-6} 

62.22s 

71.50 

60.26 

13-5 

89-lg 

98.0? 

08.60 

5.66 

52.78 

62.06 

72.02 

81.66 

5.5 

89.2<v 

98-«5 

09-73 

78.52 

51.95 

* 61.91 

12.56 

82.67 

15-5 

89.0? 

98.9? 

10.87 

77.58 

51.12 

61.77 

73.11 

83.© 

1«.5 

88.8^ 

99.3? 

12.02 

T6.66 

50.31 

61.65 

73.67 

85.13 

IT.S 

88-63? 

99-75 

15.18 

75.73 

69.52 

61.56 

76.26 

86.58 

18.5 

ss-s 

16509.19 

16.36 

76.82 

68.73 

61.66 

76.83 

87.0 

19.5 

88.26? 

0.65 

15-51 

73.91 

67.96 

61.35 

T5.63 

88.91 

20.5 

88.0ff 

01.08 

16.68 

73-01 

67.20 

61.28 

76.06 

90.19 

21.5 

8t.88£ 

01.56 

17.85 

72.U 

66.66 

61.22 

76.67 

91.© 

225 

87.71’ 

02.00 

19.05 

71-22 

65.73 

61.16 

77.31 

92.© 

2J-5 

87.55 

02.67 

20.26 

70.36 

65.01 

61.16 

T7.9« 

96.12 

26.5 

87.39 

02.95 

21.66 

$9.67 

66.31 

61.126 

78.62 

95-66 

25.5 

87.26 

05.63 

£2.3> 

63.60 

63.62 

6l.n6?«J 

79.30 

96.81 

28.5 

87.09 

03.92 

23.85 

ffr.76 

62.96 

6l.l22s'8 

79.99 

98.17 

* »i*  (-0.5)  lint  do««  not  exist, 
v 

Observed  and  »j  signed  la  excitation  s??ctrua. 

c TJ*e  Pi(22.5)  line  Is  observed  0.112  ± 0,02  aa  to  the  blue  of  the  lie  line  at  >^T  - Gtf.hftC  m. 

4 The  i*  bandhesd  Is  observed'  0.€jfl  t 0.02t  aa  to  the  red  of  the  ITe  line  at  Xftlr  » 602.9957  res. 

at  J"  = 26  ± 0.5  is  0.658  ± 0.02  nm  to  the  red  of  X.i,  = 602.9997  nra.  Also  in  the 
(0, 0)  band,  the  frequency  separation  of  the  7?i(20.5)  — />i(22.5)  photoluminescencc 
doublet  was  measured  to  be  28.95  db  0.21  cm-1  while  the  dye  laser  excited  P\Q2S). 
The  quoted  uncertainty  is  three  times  the  rms  deviation  of  six  measurements.  When 
the  dye  laser  excited  the  jPi(16.5)  line  of  the  (1, 0)  band,  the  wavelengths  of  the  jPi(16.5) 
lines  in  the  (1, 0)  and  (1, 1)  bands  were  observed  respectively  0.244  db  0.02  nm  red  of 
X.tr  = 585.2488  nm  and  0-358  ± 0.02  nm  blue  of  A.i,  = 606.4536  nm. 

The  rotational  quantum  number  at  the  (0, 0)  Qt  head  was  determined  by  tuning  the 
laser  into  the  region  of  the  head  from  the  long  X side  until  the  onset  of  photoluminescence. 
The  observed  separation  between  Qt(J)  + Pn(J  + 1)  and  Rn(J  — 1)  photolumines- 
cence lines  corresponded  to  simultaneous  excitation  of  @*(25.5)  and  Qt( 26.5)  but  not 
Qt(24.5)  or  Qt( 27.5).  The  calculated  line  positions  for  the  CaF  A-X  (0, 0)  band,  listed 
in  Table  III,  show  that  the  Qt  head  in  fact  forms  at  Qi(25.5). 

In  the  course  of  recording  the  excitation  spectrum  in  the  At  = 0 region,  lines  belonging 
to  both  (0, 0)  and  (1, 1)  bands  were  recorded  and  assigned.  Combining  measured  sepa- 
rations of  lines  belonging  to  (0, 0)  and  (1, 1)  bands  with  fitted  rotational  constants,  the 
separation  of  the  A*IIj  — X*Z  (0, 0)  and  (1, 1)  origins  is  5.54  ± 0.15  cm-1. 

IV.  RESULTS 

The  raw  data  from  the  excitation  spectrum  are  interferometrically  measured  relative 
line  positions,  several  lines  measured  with  a scanning  monochromator  relative  to  Ne 
standard  lines,  and  one  carefully  measured  (with  a monochromator)  R(J  — 1) 
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— P{J  + 1)  interval.  All  other  measured  R-P  separations  were  used  only  to  assign 
lines  and  were  not  used  in  least-squares  fitting  to  obtain  spectroscopic  constants.  The 
constants  thus  obtained  are  listed  in  Table  IV.  Table  III  lists  calculated  frequencies  for 
lines  of  the  A-X  (0,0)  band  through  J"  = 26.5.  Features  assigned  in  the  excitation 
spectrum  are  indicated  in  Table  III.  Table  III  is  included  to  enable  future  comparison 
with  photographic  absorption  or  emission  spectra. 

Constants  for  the  CaF  .4*11  and  .X*2+  states  satisfy  Pekeris’  relation  ( 24 ) 

a = (6/«.)[ (£.*«.*.)»  - 5.*].  (10) 

Using  vibrational  constants  from  Rosen  {16)  (Xf£  a,  = 587.4,  *=  2.84  cm-1; 

4*IIw,  ” 592.6,  up;,  = 3.27  cm'1  which  are  the  average  of  constants  for  the  *IIj 
and  *11}  states, 


calculated  values  of  a are:  a{X*2)  = 0.0022, 
«(4*n)  = 0.0025, 

which  compare  with 

observed  values:  a(X*2)  = 0.00255(48), 

«(4*n)  = 0.00283(45)  cm~*. 


The  4*H  state  is  a particularly  well-behaved  regular  *11  state.  Since  A/B  = 214, 4*n 
is  near  the  Hund’s  case  ‘o’  limit,  and  energy  formulas  are  particularly  simple  for  J ’ < 30 
{20).  The  effective  rotational  constants  B{ ft  = J)  and  B{Q  = |)  differ  by  0.00312  {21) 


* TAB 12  IV 

Constants  for  CaF  X2Z  and  A2^.  iu  cm"1 

(Kuzhers  in  parentheses  correspond  to  three  standard  deviations  uncertainty 
in  the  last  digit) 


a*d 

voo 

0.0  * Sj 

16493.1  (6) 

*z 

a/a 

lfi565.fi  (6) 

581,1  (9) 

586.8  (9) 

So 

0.3373  (11) 

0.3422  (11) 

Si 

0.3347'  (12) 

0.3393  (13) 

B. 

0.3385  (11) 

0.3436  (12) 

Be(a.3/2)-B JOJ) 

- 

O.00312  (21) 

or 

0.00255  (48) 

0.00283  (45) 

2(estl=»t*4) 

1.41*  10*T 

4.55  * 10‘T 

y;.-pln-sjla) 

hi  < 3 * 10'3 

- 

Ao(>?tn-orblt) 

- 

T3.4  (9) 

doubling) 

- 

-0.045  (4)' 
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compared  with  the  expected  (IP)  difference  of 

£(fl  - §)  - £( n = |)  - 2BV.4  - 0.00321.  (11) 

The  lambda  doubling  constant  p agrees  with  the  pure  precession  estimate  (20, 25), 
assuming  interaction  only  with  the  nearby  £* 2+  state. 

p = 2. ln Bul(l  + l)/£(d:n)  - £(£*2).  (12) 

If  / *=  1 (the  unfilled  r orbital  is  a pr  orbital  located  predominantly  on  Ca)  and 
£(/!)  — £(£)  =*  —2337  cm-1  (16),  then  p — —0.0431  compared  to  the  observed  value 
p = —0.045(4)  cm-1.  If  the  second  lambda  doubling  constant  q is  related  to  p (20, 25) 
by  ? = pBn/An  ~2X  10~*,  then  q would  have  been  too  small  to  measurably  affect 
excitation  spectra  associated  with  either  II*  or  11]  below  J'  = 20.5.  Using  Mullik.cn  and 
Christy’s  (20, 25)  formulas  for  A doubling  in  an  intermediate  case  ‘a-b‘  *n  state  and 
assuming  q = ^(£/,4),  the  lambda  doubling  in  *ITj  at  / = 20  j is  less  than  0.03  cm-1, 
but  in  *H]  it  is  calculated  to  be  0.94  cm-1. 

The  A doubling  and  spin-orbit  constants  for  the  CaF  A!n  state  are  well  behaved  as 
they  are  for  BaF  (13).  The  *2+  ground  state  configuration  of  the  alkaline  earth  halides 
is  *o*  y<r*  %ww*xo  where  the  xa  orbital  is  primarily  a metal »«  orbital.  The  lowest  *n  state 
b expected  to  have  a configuration  which  b predominantly  z^yohurSyt  (nr  = metal 
npx)  giving  rise  to  a regular  ’II  state.  The  configuration  soiyo*vr**xc*  would  lead  to  an 
inverted  *11  state.  In  the  lowest  *11  state  of  BeF,  the  A doubling  constant  p is  positive 
which  would  normally  imply  an  inverted  state,  but  thb  b interpreted  as  being  due  to  a 
small  Be+  atomic  spin-orbit  constant  combined  with  configuration  interaction  which 
mixes  in  a small  amount  of  the  uAyohnPxo1  configuration  with  the  predominant 
iryahur^xr  configuration  (26).  Similar  configuration  interaction  would  be  expected  in 
CaF ; however,  the  atomic  spin-orbit  constant  for  Ca+  b far  larger  than  for  Be+  so  that 
despite  the  configuration  mixing  the  A* II  state  for  CaF  b expected  to  remain  regular  in 
accordance  with  experiment. 
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Microwave  Optical  Double  Resonance  and  Reanalysis 
of  the  CaF  A* n^-X2!  Band  System1 

M 

Jun  Nakagawa,  Peter  J.  Domaille,  Timothy  C.  Steimle,  and  David  0.  Harris 

Department  of  Chemistry  and  Quantum  Institute,  University  of  California 
' Santa  Barbara,  California  93106 


A User  excitation  spectrum  of  the  (0,0)  and  (1,1)  bands  of  the  CaF  Am-X*S  system  has 
been  recorded  and  all  12  rotational  branches  assigned  on  the  basis  of  laser  induced  fluorescence 
measurements.  Microwave  optical  double  resonance  (MODR)  measurements  were  also  made 
on  several  low-/  transitions  to  obtain  precise  spectroscopic  constants  of  the  X*2  state.  The 
present  set  of  molecular  constants  for  both  the  <4*11  and  XKE  states  represent  a vast  improve- 
ment in  precision  over  previously  reported  values  because  of  the  larger  number  of  line  position 
measurements  and  the  use  of  a more  reasonable  Hamiltonian.  The  excellent  agreement  be- 
tween the  rotational  constants  derived  from  the  optical  and  microwave  measurements  fully 
validates  the  assignments.  Important  derived  constants  are  listed  below  (in  cm-1)  with  95% 
confidence  limits  in  parentheses. 


xn  Am 


r. 

0 

16526.8 

B. 

0.343704  (23) 

0.348744  (27) 

0.002436  (21) 

0.002529  (26) 

A (spin-orbit) 

71.475  (14) 

a (A)  (vibration-spin-orbit) 
-Hspin-rotation) 

0.00131  (46) 

0.027  (12) 

jP(A-doubling) 

-0.0438  (3) 

I.  INTRODUCTION 

Microwave  optical  double  resonance  (MODR)  spectroscopy  has  previously  been 
shown  to  be  a useful  tool  for  the  assignment  of  optical  spectra,  and  in  obtaining  more 
precise  spectroscopic  constants  (1-5).  If  the  frequencies  of  ground  state  rotational 
transitions  are  known,  it  is  possible  to  identify  electronic  transitions  which  are  optically 
connected  with  the  rotational  levels.  Conversely,  if  the  rotational  analysis  of  an  elec- 
tronic band  system  extends  to  sufficiently  low  J values,  MODR  can  be  applied  to 
unambiguously  verify  the  optical  assignment  (4).  Moreover,  more  accurate  spectroscopic 
constants  can  be  obtained  because  of  the  superior  precision  of  microwave  frequency 
measurements. 

‘This  research  was  supported  by  the  AFOSR  and  the  National  Science  Foundation,  Grants 
’ AFOSR-73-2565  and  NSF-MPS-72-04978,  respectively. 
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In  the  present  paper,  the  latter  approach  has  been  taken  because  the  ground  state 
rotational  transition  frequencies  were  not  previously  known.  The  excitation  spectrum 
of  the  band  system  of  CaF  has  been  rotationally  assigned  and  MODR 

applied  to  obtain  more  precise  rotational  and  spin-rotation  interaction  constants  of  the 
X*2+  ground  electronic  state. 

The  A-X  band  system  was  recently  optically  analyzed  by  Field  el  al.  ( 6 ).  However, 
the  spectroscopic  constants  obtained  were  relatively  inaccurate,  because  of  the  low 
precision  of  the  line  position  measurements.  Frequency  spacings  were  measured  using 
an  optical  spectrum  analyzer  with  a nominal  3.0  GHz  free  spectral  range  (FSR)  and 
absolute  frequencies  were  made  relative  to  standard  neon  atomic  lines.  It  has  subse- 
quently been  determined  that  the  FSR  of  the  spectrum  analyzer  is  only  known  to  within 
about  1 to  2%  of  its  specified  value  and  is  thus  inappropriate  for  accurate  line  position 
measurements  (5). 

The  present  paper  extends  the  assignments  to  all  12  branches  and  also  up  to  much 
higher  J values  thus  giving  greatly  improved  statistics  in  the  extraction  of  spectroscopic 
constants. 


II.  EXPERIMENTAL  DETAILS 

The  excitation  spectrum  was  measured  using  the  same  experimental  arrangement  as 
described  previously  (5).  The  frequencies  of  the  optical  transitions  were  calibrated  by 
simultaneously  recording  an  excitation  spectrum  of  molecular  iodine  whose  absolute 
frequencies  are  known  to  about  0.004  cm-1  from  recent  interferometric  data  (7).  The 
accuracy  of  the  line  positions  of  CaF  is  believed  to  be  about  0.02  cm-1.  The  observed 
frequency  regions,  between  16  473  and  16  508  cm-1  and  between  16  546  and  16  582  cm-1, 
correspond  to  At  *=  0 sequences  of  the  and  i4*nj-X*2  subbands,  respectively. 

The  experimental  set  up  for  the  MODR  was  described  in  Ref.  (4).  Microwave  radia- 
tion of  about  700  mW  (41  GHz)  and  200  mW  (61  GHz)  was  generated  by  OKI  40  V12 
and  60  V12  phase-locked  klystrons  and  introduced  into  the  cell  via  a hom  radiator. 
The  MODR  signal  was  detected  by  observing  increases  of  the  photoluminescence 
intensity  as  a function  of  microwave  frequency.  The  photoluminescence  detected  was 
not  total  undispersed  photoluminescence  but  rather  the  other  line  which  was  not 
coincident  with  the  laser  frequency.  For  example,  when  the  laser  frequency  was  tuned 
to  the  Rti  (2.5)  transition,  the  photoluminescence  corresponding  to  the  Qt  (3.5)  and 
Pti  (4.5)  lines  was  detected  through  a monochromator  with  a bandpass  of  about  0.08  nm. 
The  intensity  of  the  photoluminescence  increased  1 to  2%  at  microwave  resonance 
when  either  the  upper  or  lower  rotational  level  was  optically  pumped,  indicating  the 
laser  field  is  significantly  depleting  the  ground  state. 

m.  SPECTRAL  FEATURES  AND  ASSIGNMENT  OF  THE  EXCITATION  SPECTRA 

There  are  12  rotational  branches  in  the  A* U-X^  band  system.  These  branches  are 
the  P,  Q,  and  R branches  which  originate  in  one  of  four  classes  of  *H  levels,  F»„  F u, 
Pu,  Fu ■ Since  the  spin-orbit  coupling  constant  of  the  CaF  A*U  state  is  moderately 
large  (A  *»  72  cm-1),  the  12  rotational  branches  divide  into  two  subband  systems 
corresponding  to  F i and  Ft  levels.  These  are  the  *IIj  and  *II|  fine  structure  levels, 
respectively,  because  A is  positive  (6). 
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EXCITATION  SPECTRUM  OF  CaF  A^.-X*!  BAND 
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Fig.  1.  A typical  excitation  spectrum  of  the  CaF  A’npX’Z  band.  The  Pi  + Q»  hand  heads  of  (0,0) 
and  (1,1)  bands  are  shown. 


Not  only  were  (0,0)  vibrational  transitions  evident,  but  also  the  hot  band  series 
(1,1),  (2,2),  . . . overlapped  in  these  regions  because  of  the  small  change  in  vibrational 
constants.  The  Pi(J)  + Qu(J  — 1)  branches  formed  heads  at  16  485.1,  16  490.7, 
16495.9,  and  16  500.7  cm-1  for  the  (0,0),  (1,1),  (2,2),  and  (3,3)  bands,  respectively. 
Also  the  Qi{J)  + Pn(J  + 1)  branches  formed  heads  at  16  560.2,  16  565.9,  16  571.2, 
and  16  576.1  cm-1  for  these  same  bands.  These  overlapping  branches  make  the  spectrum 
complicated,  but  the  regular  and  strong  series  assigned  to  the  Ri  and  Rt  branches  could 
readily  be  observed  to  higher  frequency.  Also,  the  Pn  and  Pt  branches  were  fairly 
simple  without  overlapping  of  the  other  strong  branches.  In  Fig.  1,  the  excitation  spec- 
trum near  the  *11)  (0,0)  subband  origin  is  shown  with  assignments  of  some  series. 

Because  of  the  small  value  of  the  ground  state  spin-rotation  constant  the  Qu(J  — 1) 
and  Pi(J)  branches  are  overlapped  until  higher  J values.  At  J values  greater  than  27.5 
the  splitting  into  separated  branches  becomes  apparent.  On  the  other  hand,  the  splitting 
of  the  Qn(J)  and  Rt(J  — 1)  lines  is  not  resolved  although  the  maximum  J value 
observed  was  also  R»  (27.5).  However,  in  spite  of  not  being  resolved,  a broadening  of 
these  lines  is  apparent.  Conversely,  no  apparent  broadening  nor  splitting  of  the  over- 
lapped Qt(J  — 1),  Pn(J)  branches  and  the  Qi(J),  Rit(J  — 1)  branches  was  observed. 
The  explanation  of  this  phenomenon  is  deferred  until  later. 

Rotational  analyses  were  performed  on  the  (0,0)  and  (1,1)  bands,  because  these  two 
bands  were  sufficient  to  determine  the  spectroscopic  constants  of  interest. 

The  assignments  of  the  individual  lines  have  been  made  on  the  basis  of  the  P-R 
separation  measurements  described  in  detail  by  Field  el  al.  (6).  Because  the  spin- 
rotation  coupling  constant  7"  is  small,  the  photoluminescence  spectra  are  not  resolved 
into  P,  Q,  and  R branches,  but  only  into  P and  R branches,  the  Q branch  being  coincident 
with  one  or  the  other  (6).  If  the  laser  is  coincident  with  the  lower  frequency  component 
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then  this  line  is  a member  of  a P or  Q branch.  Conversely,  the  higher  frequency  member 
corresponding  to  an  R or  Q branch.  This  simple  observation  reduces  the  line  assignment 
to  a choice  between  one  of  two  possibilities  within  each  subband.  For  example,  either 
an  Ri(J  - 2),  PX(J)  + Qlt(J  - 1)  pair  or  else  a QX(J  - 2)  + R»(J  - 3),  Pn(J  - 1) 
pair  would  be  observed  in  transitions  involving  the  Fi(*IIj)  sublevel.  However,  the 

* distinction  between  these  possibilities  is  not  possible  solely  on  the  basis  of  PR  measure- 
ments; the  final  choice  is  determined  from  the  excitation  spectrum.  Adjacent  lines  in 
the  Pit  and  R\  branches  are  separated  by  about  3B  while  those  in  Pi  and  Jin  branches 

* are  separated  by  about  B.  Photoluminescence  intensities  can  also  be  used  to  verify 
the  choice  because,  for  a pure  case  (a)  molecule,  the  Ri(J  — 2)  line  (higher  frequency)  is 
weaker  than  the  sum  of  the  Pi(J)  + Qu(J  — 1)  pair.  Likewise,  the  Pit(J  — 1)  line 
(lower  frequency)  is  weakest  in  the  alternate  assignment. 

If  the  approximate  rotational  constant  of  the  ground  state  is  known,  the  J value  can 
be  calculated  from  the  measured  P-R  separation  (6).  When  the  laser  frequency  is  tuned 
to  the  band  head,  where  several  transitions  have  overlapping  Doppler  profiles,  the 
photoluminescence  spectrum  of  several  coincident  lines  is  obtained.  In  Fig.  2,  the 
photoluminescence  spectrum  obtained  by  pumping  near  the  Qt  band  head  is  shown. 
The  fact  that  the  intensities  of  the  R%i  (23.5)  and  Ru  (25.5)  lines  are  stronger  than  that 
of  J?«  (24.5)  shows  Qi  (25.5)  is  closer  to  the  head  and  the  laser  frequency  is  about  0.01 
cm-1  bluer  than  the  head.  From  this  spectrum,  the  approximate  ground  state  rotational 
constant,  B",  can  be  determined  since  the  frequency  difference  between  adjacent  lines 
is  approximately  equal  to  4B".  If  a number  of  P-R  separations  are  measured  in  photo- 
luminescence spectra,  and  their  J"  values  assigned,  a more  accurate  value  of  B"  can  be 
obtained.  However,  this  constant  is  only  moderately  precise  because  the  inadequate 
resolving  power  and  slight  nonlinearity  of  the  monochromator  cause  inaccuracies  in  line 
position  measurements. 


Fio.  2.  Photoluminescence  spectrum  of  CaF  excited  by  a single  mode  cw  dye  laser  tuned  to  Qt  head 
of  (0,0)  band.  The  fact  that  the  intensities  of  Ru  (23.5)  and  Ru  (25.5)  are  stronger  than  Rn  (24.5) 
shows  Qt  (25.5)  forms  the  head  and  the  laser  frequency  is  about  0.01  cm~'  to  the  blue  of  the  bead. 
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IV.  MICROWAVE  OPTICAL  DOUBLE  RESONANCE  SPECTRUM 

Four  rotational  transitions  of  the  ground  X*Z+,  v"  « 0 state  and  three  transitions  of 
the  v"  = 1 state  were  measured.  The  measured  microwave  frequencies  and  the  laser 
pumping  transitions  are  listed  in  Table  I. 

The  hyperfine  structure  of  these  transitions  was  not  resolved,  because  the  half-width 
of  the  MOOR  lines  was  about  20  MHz.  There  are  several  sources  of  line  broadening, 
namely  Zeeman  splitting,  pressure  broadening,  and  microwave  power  saturation  (4). 
Although  the  hyperfine  constants  could  not  be  experimentally  obtained,  the  frequencies 
of  these  low  J transitions  are  significantly  affected  by  the  hyperfine  interactions. 
Fortunately,  the  hyperfine  constants  Ai  and  An  were  available  from  the  neon  matrix 
isolation  ESR  data  of  Knight  el  al.  ( 8 ) so  an  approximate  treatment  of  these  effects 
was  possible.  The  observed  frequencies  were  corrected  for  these  contributions  in  order 
to  derive  realistic  rotational  and  spin-rotation  interaction  constants. 

The  Fermi  contact  interaction  constant,  b,  + c,/3,  is  related  to  the  ESR  constants 
as  (3,  + c,/3)  =»  J(Ai+  2A||)  and  to  the  tensor  interaction  interaction  constant 
c,  ” (Ai  — An)  (P).  Using  (b,  -f-  e,/3)  = 120  MHz  and  c,  = 43  MHz,  along  with 
approximate  values  of  B",  D"  and  y",  the  transition  frequencies  were  calculated. 

The  difference  between  these  values  calculated  with  and  without  hyperfine  contribu- 
tions was  applied  as  a correction  to  the  measured  transition  frequencies.  These  corrected 
values  are  listed  in  Table  I along  with  those  calculated  from  constants  derived  from  a 
least-squares  fit 

It  should  be  noted  that  the  signs  of  the  hyperfine  constants  Ai  and  An  were  not 
determined  from  the  ESR  data.  Thus,  the  transition  frequencies  were  calculated  for 
the  four  possible  cases  of  the  signs  of  the  hyperfine  constants.  Afterward,  one  of  four 
cases  was  selected  based  on  the  observed  spectrum;  three  of  the  choices  produce  hyper- 
fine transitions  which  should  have  been  resolved.  For  the  preferred  choice,  the  signs  of 
the  hyperfine  constants  were  determined  to  be  both  positive. 

TABLE  I 

Measured  and  Fitted  Frequencies  (MHz)  in  the  MODR  Spectrum  of  the  X*2+  State  of  CaF 


Frequency 


Vibrational 

Stats 

aWi 

Transition 

i Rotational  . 

Transition*' 

Msasursdb> 

Corrected6^ 

Least 

Squares 

v--0 

02U.S) 

41059. 1(2. •) 

41051.4 

41050.1 

|2,2.S>-|1,1.S> 

41005.4(1.1) 

41009.7 

41009.1 

0,12.5) 

|1,2.5V|2,1.S> 

41504.3(4.2) 

41503.0 

41504.1 

*m(3.S) 

|),2.»-|2.2.9> 

41420.2(1.0) 

41422.9 

41423.1 

V-i 

■jlW.S) 

. |2,2.»-|1,1.S> 

40792.5(3.0) 

40794.7 

40790.3 

> % 

02(2.9) 

|],2.J>|2,1.5> 

41140.3(4.3) 

41145.2 

41145.5 

«i21cj.»> 

|3, 3.0-12, 2. J> 

41105.0(3.5) 

41107.5 

41104.3 

a 

* •>  Trans  it  it 

ms  aro  label  lad  as 

■’.jO-lll- ,J">  . 

b)  Hunters  in  parentheses  raprsMnt  two  standard  deviations  of  sovsral  Measurements, 
e)  Cor  root  ad  for  contributions  from  hyporfino  offsets,  too  tsxt. 


ANALYSIS  OF  CaF  A-X 


379 


V.  DETERMINATION  OF  THE  SPECTROSCOPIC  CONSTANTS 

The  energy  levels  of  *n  states  are  given  by  the  following  formulas  {11, 12)  for  a good 
case  (a)  molecule : 

Fu{J)  - T.  - — + B'.(Q  - i)J(J  + 1)  - D'.ffl  = *)/*(/  + 1)*  - - (J  + J),  (la) 
2 2 

FU{J ) - t.  - y + b’.(q  •=  §)/(/  + 1)  - zy.(n  - \)J\J  + 1)*  + ^ (J  + I),  (lb) 
and 

FU(J)  = Fm(7)  = T,  + — + F.(0  = i)J(J  + 1)  - D’.ia  = |)/‘(y  + 1)*  (lc) 
2 

and  for  a case  (b)  *2  state,  the  energy  levels  are  given  by: 

y"  t 

F,(.Y)  = B",N(N  + 1)  - D",X'(X  + 1)‘  + ~ AT  (2a) 

2 

y"t 

Fj(.V)  = B",N(N  + 1)  - D",A7i(N  + l)1 (N  + 1),  (2b) 

2 

where  the  symbols  have  their  usual  spectroscopic  meanings  and  hyperfine  interaction 
terms  are  neglected. 

The  ground  state  constants,  listed  in  column  1 of  Table  II,  were  calculated  from 
fitting  the  corrected  MODR  frequencies  mentioned  in  the  last  section  to  the  expressions 
(2a)  and  (b).  In  this  analysis,  the  centrifugal  distortion  constant  was  fixed  at 
D,  = AB,*/uf  on  the  assumption  of  a Morse  potential  function.  The  numbers  in  paren- 
theses represent  95%  confidence  limits  obtained  by  scaling  the  standard  error  by 
Student’s  / factor.  The  uncertainties  are  rather  large  by  microwave  spectroscopy 
standards  due  to  small  number  of  observed  transitions  and  the  rapid  increase  of  the  t 
factor  with  decreased  degrees  of  freedom.  The  t factor  of  200  degrees  of  freedom  for  95% 
confidence  limit  is  1.97  whereas  that  of  1 degree  of  freedom,  which  is  the  case  for  the 
MODR  of  the  v"  = 1 state,  is  12.7. 

The  spectroscopic  constants  derived  from  the  optical  data  were  obtained  by  two 
methods : the  first  of  which  was  a linear  least-squares  fit  to  pure  case  (a)  formulas  while 
the  other  was  a more  rigorous  nonlinear  least-squares  fit  which  determined  the  param- 
eters using  a more  complete  Hamiltonian  matrix  based  on  case  (a)  basis  functions  {10). 

Column  2 of  Table  II  shows  the  constants  derived  from  linear  least-squares  fits  to 
our  optical  data  for  the  (0,0)  and  (1,1)  bands,  respectively.  In  these  fits,  the  spin- 
rotation  constants  y"o  and  y"\  were  held  fixed  at  the  values  obtained  from  the  MODR 
data,  because  the  splittings  due  to  y"  were  only  observed  for  a few  optical  transitions. 
The  centrifugal  distortion  constants  wrere  determined  as  fitted  parameters. 

Column  3 contains  the  results  of  the  nonlinear  “direct  approach”  method  of  obtaining 
spectroscopic  constants  as  discussed  by  Zare  and  co-workers  {10).  In  the  present  case, 
the  Am  eigenvalues  were  determined  from  a Hamiltonian  matrix  which  included  the 
off-diagonal  contributions.  In  these  calculations,  y"  was  fixed  to  the  value  obtained 
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TABLE  II 

Spectroscopic  Constants  (cm-1)  of  CaF  derived  from  the  A’n-X’Z  Band  System*-* 


(0.0)  S.nd 


MOOR 

linaar 

non-linaar 

combinad 

*o 

14524. 435(4) 

19929.971(9) 

19929.971(9) 

Ao 

71.923(7) 

71.499(9) 

71.499(9) 

•Va 

0.34997(19) 

**3/2 

0.34907(19) 

0.34739(13) 

0.347479(17) 

»”0  0.342499(19) 

0.34299(17) 

0.34237(13) 

0.342499(19) 

r’o 

-0.0417(9) 

-0.0439(4) 

-0.0439(4) 

°Vi 

«.4x10'7U7) 

“'w 

• .5x10'7UU 

"•c 

J.Jxl0'7<U) 

«.4xl«'7(») 

D'0  I.Hilt’’ 

«.2x10"7U€) 

1.4x10'7UJ) 

«.Sxl0~7(») 

T"0  1.10x10'3)20) 

I.JOxlO*3 

1. 30xl0-3 

l.JOxlo'5 

«'o 

-J.OJxlO"4 

-2.09*10"4 

°'o 

-1.120 

-1.119 

»«>  4 

293 

293 

297 

from  MODR,  the  A-doubling  constant,  q„  was  fixed  to  the  calculated  value  of  p,(B,/A,) 
and  the  constant  o,  was  internally  calculated  from  o,  = (1/S)(A,/B,)p,.  The  standard 
deviations  of  the  fits  to  the  (0,0)  and  (1,1)  bands  were  0.015  and  0.013  cm-1,  respectively. 

The  microwave  and  optical  data  were  simultaneously  fitted  (16)  to  obtain  the  con- 
stants listed  in  Column  4.  In  these  calculations,  the  weight  of  the  microwave  data  was 
4 X 104  times  greater  than  that  of  the  optical  data  because  the  uncertainties  in  the 
microwave  transition  frequencies  were  approximately  200  times  smaller  than  those  of 
the  optical  measurements.  The  ground  state  spin-rotation  constant,  y",  was  fixed  to  the 
MODR  value.  Inclusion  of  this  parameter  as  a variable  in  a simultaneous  fit  was  deemed 
unwise  since  only  a few  resolved  optical  transitions  determine  this  parameter  at  all, 
and  these  few  data  points  are  outweighed  by  the  large  number  which  artificially  ascribe 
y"  m 0 because  the  branch  splitting  is  not  observed.  The  observed  line  positions  and  the 
differences  between  observed  and  calculated  frequencies,  based  on  the  constants  in 
Column  4,  are  collected  in  Table  III. 

Last,  Table  IV  has  been  composed  to  collect  the  equilibrium  constants  for  both 
states.  Vibrational  constants  were  taken  from  the  compilation  of  Rosen  (IS)  with  the 
choice  of  his  values  for  the  *n§  state,  because  of  the  better  agreement  with  the  present 
(0,0)  and  (1,1)  band  origin  differences.  The  value  of  T,  absorbs  errors  in  the  vibrational 
constants  and  hence  is  listed  without  confidence  limits.  The  symbol  a(A)  refers  to  the 
vibrational  dependence  of  the  spin-orbit  constant.  Parameters  listed  without  an  equi- 
librium subscript  are  the  weighted  average  of  ® *=  0 and  e = 1 values. 
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TABLE  II — Continued 
UiU.Mai 


*1 

1(5)4.4730) 

1(9)5.314(9) 

1(535. 31((5) 

Ai 

71. 97»(() 

71.513(9) 

71.512(4) 

ri n 

0.34)27(19) 

rJ /2 

0.34(33(11) 

•'i 

0.34470(10 

0.344950(20) 

N-J  0. 34005(f) 

0.33997(10) 

0.3)990(10 

0.340050(14) 
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-0.0439(3) 
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uiir’dii 

°'l 

3.0x10*^110) 
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l-UxlO"* 

-J.lOxlO'4 
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-1.140 

»•>  J 

203 

20) 
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•)  Figure*  in  p*r*nth«*«»  represent  »5%  ral lability  intervals  etteched  to 
the  laat  significant  figure.  Tha  figures  which  hava  no  uncartaintiaa 
statad  ara  vsluss  which  ara  fixed. 

b)  Tha  col  unit  ha ad Inga  hava  tha  following  aignifieanea* 

(i)  NOOfts  Valuaa  frow  tha  aicrowava  weesurewents. 

<U)  linaart  trow  a llnaar  laaat  squares  fit  to  tha  optical  aaaaurawanta. 

(ill)  non-llaesri  "direct  appraoch*  of  haf.  10  fit  to  tha  optical  data. 

(iv)  coablnads  non- linear  fit  uaing  tha  optical  and  aticrovava  data 
alaultanaoualy. 

c)  Muaber  of  traaaitiona  uaad  ia  tha  fit. 

VI.  DISCUSSION 

Although  the  basic  conclusions  of  the  earlier  work  (6)  are  not  altered,  the  constants 
derived  from  the  present  analysis  differ  somewhat  from  those  of  the  previous  two 
studies  (6, 14).  Undoubtedly,  the  analysis  of  Mohanty  and  Upadhya  (14)  is  incorrect. 
Also,  although  the  assignment  of  Field  et  al.  (6)  appears  sound,  the  derived  constants 
are  slightly  in  error  because  of  inaccuracies  in  the  line  position  measurements  made  with 
a 3.0-GHz  FSR  spectrum  analyzer  (5). 

The  excellent  agreement  of  rotational  constants  obtained  from  the  MODR  fit  and 
from  direct  optical  measurements  leave  no  doubt  as  to  the  validity  of  our  assignment. 
However,  the  microwave  data  are  of  disappointingly  low  precision  because  of  the  poor 
signal- to-noise  ratio,  breadth  of  the  rotational  lines  and  paucity  of  measured  lines. 
The  anticipated  large  improvement  in  accuracy  is  not  obtained.  For  the  v"  = 0 state 
only  a sevenfold  decrease  in  uncertainty  of  the  rotational  constant  is  realized,  while  for 
v"  m 1 the  precision  of  the  MODR  data  and  optical  analysis  are  about  the  same. 
However,  the  microwave  data  do  determine  the  sign  and  magnitude  of  y"  quite  well, 
whereas  the  optical  spectrum  has  only  a few  lines  from  which  to  determine  this  param- 
eter. Additional  measurement  of  more  pure  rotational  lines  at  higher  resolution  b 
required  to  further  improve  the  constants. 

An  interesting  comparison  of  the  results  of  the  linear  versus  nonlinear  fits  is  available 
by  correcting  the  effective  values  obtained  from  the  linear  fit  for  magnetic  contributions 
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TABLE  III 

Observed  and  Calculated  Frequencies  in  the  CaF  /t'n-XTS  Band  (in  cm-1) 


t«.«)  J 


J 

».t2> 

1 a) 

fraquMoy  4v 

°u'JI 

Iraquucy  Av 

Qj  U) 

FrtqusAcy  Av 

*u“» 

rr«qu««cy  Av 

■jUI 

fnyiwcy  Av 

4.3 

10441.430  3 

l.S 

14441.450  7 

41.773  -7 

14443.101  22 

2.S 

14441.450  -10 

41.773  -4 

44.142  IS 

a.s 

14441.030  -3 

41.347  -14 

44.142  20 

44.473  -1 

97.431  14 

4.3 

41.347  -10 

41.247  -4 

44.473  1 

44.421  -11 

44.312  14 

s.s 

41.247  1 

40.447  -2 

44.421  -3 

43.200  0 

o.s 

40.447  4 

40.704  -4 

45.200  4 

43.  M7  -4 

14500.711  3 

7.S 

44.744  4 

40.414  -4 

43.547  4 

45.414  -11 

01.412  2 

4.3 

40. 4M  7 

40.102  1 

45.414  0 

44.110  -1 

•2.442  -24 

t.S 

44.142  13 

44.424  2 

44.110  4 

40.722  -1 

04.047  4 

14.3 

44.424  14 

•4.474  4 

44.722  11 

47.100  -13 

03.171  11 

U.S 

•4.444  14 

•4.410  2 

47.104  0 

04.114  24 

U.S 

•4.414  14 

•4.144  7 

47.504  -2 

07.441  14 

11.3 

•4.144  24 

•4.442  1 

47.424  5 

04.371  -1 

14.3 

44.442  20 

•4.717  -1 

40.117  -1 

IS. 3 

44.717  14 

44.314  -V 

44.731  -4 

14.3 

44.314  14 

•4.142  -4 

44.140  -2 

17. S 

•4.142  14 

•4.101  -3 

44.412  2 

14.3 

•4.101  24 

•7.443  -4 

14300.072  -2 

14.3 

•7.443  14 

•7.711  -14 

00.527  2 

20.3 

•7.711  14 

•7.324  -12 

00.474  -4 

21.3 

•7.324  14 

•7.137  -3 

01.442  -3 

22.3 

•7.137  24 

•7.144  -1 

01.407  -IJ 

21.3 

•7.144  24 

•7.422  -4 

02.143  -14 

24.3 

•7.422  24 

•4.444  -3 

•2.442  7 

23.3 

•4.444  27 

•4.722  -4 

•1.173  -1 

24.3 

•4.722  10 

44.341  4 

01.471  -3 

27.3 

04.354  4 

•4.444  -4 

•4.172  -11 
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04.411  0 

•4.114  -1 

04.443  -14 

24.5 

04.202  -1 

•4.201  2 

•3.404  -14 

10. 5 

04.144  4 

04.041  4 

03.410  -14 

11.3 

•4.054  10 

03.470  -10 

04.444  -14 

12.5 

•3.471  -4 

04.443  -12 

11.3 

43.441  2 

•3.772  -14 

•7.354  -20 

M.S 

•3.7M  -4 

•3.440  -14 

04.044  -24 

13.5 

03.102  -24 

M.S 

03.314  -17 

17.3 

•5.444  -22 

10.3 

45.404  -24 

14.5 

03.114  -31 

40.3 

•3.240  -S3 

»,UI 

o,u» 

»2i<J> 

IjMI 

°21 W> 

0. s 

1.3 

1. ) 
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«.s 

s.s 

1.5 

1.5 

s.s 

s.s 

10.  s 

11.  s 
11.  s 
u.s 

14.  S 
1S.S 
1S.S 
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1S.S 
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10.  s 

11.  s 
11.  s 
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1M 
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11.  s 
11.  s 

14.  S 

15.5 
u.s 

17. 5 
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JS.S 

40.  S 

41. 5 

41.  S 

41. 5 
44.  S 

45.5 
44.  S 

47. 5 

44. 5 

45.5 

54.5 

51.5 
Sl.S 

51.5 

54.5 


14341.004  -J 

44.441  11 
SS.444  1 
S4.144  1 
S7.141  >1 
S4.1J4  .1 
SS.lll  1 

54.414  -S 
S1.S14  o 

51. 414  -* 
S1.74S  1 
S4.417  -J 
S4.4S1  0 
44.174  14 
44.441  10 
47.4S4  -1 
44.474  4 


14544. 4S4  -1 
4J.74S  -7 
41.414  -17 
41.142  *14 
41.444  -5 

41.441  -1 
41.144  0 
42.141  -7 
41.447  -2 
41.714  -4 
41.544  -3 
41.  MS  >7 
41.244  -2 

40. 443  -7 
40.744  -14 

40.441  11 
40.321  -44 
40.443  -14 
40.401  -1 
40.  Ml  -1 


40.141  27 
40.401  12 
44.445  24 
40.S21  2 

40.444  M 
40.7S0  10 
40.042  21 

40.445  11 
41.140  21 
41.100  IS 
41.447  21 
41.444  14 
41.447  20 
42.0S1  IS 
42.242  24 
42.304  14 

im  w 

41.207  12 
41.S7J  12 
41.443  S 
44.144  -2 
44.S11  14 
44.424  -7 
45.171  -10 
4S.S10 


14544.054  1 
41.745  -2 
41.414  -11 
41.142  -1 
42.444  1 
42.441  7 
42.144  U 
42.141  4 
41.447  n 
41.710  9 


44.S41  -4 
44.444  -10 

47.410  -24 
47.424  -52 
44.115  -11 
44.742  -12 
44.254  -14 
44.745  -17 
70.245  -21 
70.757  -25 
71.101  -10 
71.412  -20 
72.174  -27 
72.454  -14 
71.514  -14 
74.112  -11 
74.724  -14 
7S.141  -J 
75.474  -17 
74.421  -11 
77.247  -1 

77.411  -21 
74.414  -15 
74.244  -25 
40.020  -4 


11 


•4.454  14 
43.410  5 
•4.444  14 
•1.410  4 
42.444  7 
41.447  -7 
•0.447  -10 
•0.000  1 
74.057  14 
70.073  -12 
77. 1M  -t 
74.214  20 
75.244  -14 
74.110  -2 
71.142  -14 


14343.411  4 

43.411  4 

44.541  1 
44.444  -2 

47.410  -14 
47.424  -42 
44.115  -2 

44.742  1 
44.254  -2 

44.743  -2 
70.245  -4 
70.757  -7 
71.101  10 

71.412  2 
72.174  *» 
72.454  « 
71.514  4 
74.112  14 
74.724  4 
73.141  25 
75.474  12 
74.421  12 
77.247  11 

77.411  12 
74.414  20 
74.244  11 
00.020  10 


*21  «> 


14547.142  -11 
40.241  -4 
44. m 21 
70.404  -14 
71.341  a 
72.453  -10 
71.744  -1 
74.457  4 
74.114  24 
77.207  a 
70.474  i 
74.445  12 
•0.401  -4 
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TABLE  III — Continued 
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43.437  is 
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93.739  -9 

93.939  -9 
93.331  -4 
93.171  -3 

93.999  -U 
93.939  1 
93.993  -3 

93.333  -39 

93.971  -9 
91.949  -3 
91.799  -39 

91.999  -37 

91.471  -33 
91.377  -33 


9.9 

1.4 

3.9 

14947.494 

-4 

14949.439 

4 

3.9 

9.114 

-9 

4.4 

44.741 

11 

9.9 

44.794 

-7 

0.949 

-31 

4.9 

43. 749 

-34 

-17 

7.4 

43.994 

17 

0.090 

9.9 

41.947 

•4 

9.9 

47.404 

•19 

10.9 

11.9 

99.319 

-19 

47.314 

-14 

13.9 

49.347 

47.999 

-4 

13.9 

97.933 

44. 447 

-14 

14.9 

8:SJ 

14.733 

•4 

19.9 

4,441 

4 

14.9 

49.944 

39 

44.443 

-14 

17.9 

94.331 

13 

4.331 

-9 

10.9 

43.414 

M.333 

•4 

19.9 

93.430 

13 

4.140 

-7 

34.9 

91.994 

44.979 

9 

31.4 

41.134 

39 

4.411 

4 

33.9 

99.147 

19 

9.949 

7 

33.9 

34.9 

49.994 

39.4 

49.199 

1 9**4 

KmC 

34.9 

47.999 

39 

37.9 

34.9 

, 

39.9 

9.949 

11 

74.9 

44.911 

11 

35. 9 

44.979 

19 

33.9 

44.149 

0 

33.9 

94.3)3 

4 

*4.4 

44. 3)1 

4 

14.4 

94.443 

-3 

39.4 

44.991 

14 

17.4 

44.733 

9 

34.4 

44.997 

1 

39.9 

47.949 

0 

49.9 

47.314 

3 

41.4 

43.9 

47.999 

3 

43.9 

44.9 

49.099 

4 

14999.439  19 
99.779  -4 
91.149  4 
91.919  1 

93.371  -13 

99.479  3 
93.979  4 

93.479  -1 

94.319  3 
94.734  -4 

99.911  1 
99.939  -17 
94-993  -7 


49.949  -33 
49.099  -4 
47.409  -4 


14499.394  3 
99.733  -3 

14999.439  3 
99.779  -13 
91.149  -4 
91.919  -19 

93.371  -34 
43.474  -13 
43.474  -13 


14997.344  0 
94.499  -1 


93.493  -3 
93.944  -4 

99.997  -3 
49.949  -7 
44.414  9 
47.433  -9 


94.749  9 
93.797  3 
43.499 
91.993 

49.943 

79.131 
74.314 
77.347  -13 
74.434  1 
79.934  -14 
74.493  -3 
73.779  -7 
73.919  3 


»,  Wl 

Oai«) 

*31  W» 

14971.979  -19 

14971.770 

71.43)  -4 

14971.079  -4 

73.907 

71.49)  -9 

73.911 

73.347  3 

73.347  4 

74.997 

73.447  -10 

77.143 

73.911  -3 

73.047  -3 

74.349 

73.944  * 

71.311  0 

74.417  -9 

73.944  14 

49.9)4 

74.449  -4 

74.417  9 

41.4)4 

74.141  -30 

74.999  4 

79.449  -19 

73.341  -4 

74.143  -7 

74.949  7 

74.99)  -10 

74.39)  11 

77.434  -33 

74.99)  14 
77.434  -3 

79.399  -7 
79.134  -4 

74.399  17 
79.139  30 

00.304  -7 

00.304  31 

•)  Av  - (Ob*.  - Calc.)  * 1090  < 


(10).  For  example,  the  results  for  the  (0,0)  fits  are 

T,  = 16  529.650  (16  529.671) 

A,  = 71.503  (71.486) 

B,  = 0.34752  (0.34736) 

where  the  first  values  refer  to  the  corrected  linear  quantity  from  column  2 of  Table  II 


,s.  t.r 
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TABLE  XV 

Equilibrium  Constants*-*  (cm-1)  for  the  X'Z  and  A* n State  of  Cap' 


i>. 

*. 

0 

14524.0 

517.4 

5*3.4 

V. 

>.«4 

3.11 

». 

0.143704(21) 

0.340744(27) 

•• 

0.002434(21) 

0.002529(24) 

(spin-orbit) 

71.475(14) 

• <»iel 

0.027(12) 

p ( A -doubling) 

-0.0430(3) 

Y (spin  rotstion) 

0.00131(44) 

•)  Vibrational  constant*  froa  the  tables  givsn  by  Boson  (15). 
b)  Mon-tubscriptsd  paraastor*  ar*  tha  woightod  av« rags  of 


v-0  and  v-1, 

c)  Tha  vibrational  dapandanca  of  tha  spin-orbit  coupling  constant. 

Hole.  Uncertainties  are  95%  confidence  limits. 


and  the  number  in  parentheses  refer  to  directly  fitted  nonlinear  values.  As  expected, 
the  agreement  is  seen  to  be  very  good  because  the  .<4*11  state  is  a good  case  (a)  state 
with  A/B  « 200. 

As  mentioned  in  Section  III,  the  splittings  due  to  y"  could  only  be  observed  for  high  J 
transitions  of  the  P\{J)  + Qn{J  — 1)  branches  and  not  for  those  of  the  Qi(J  — 1) 
+ Pn(.J ) branches,  in  spite  of  the  similar  magnitudes.  This  is  readily  explained  from 
consideration  of  the  intensity  factors. 

Although  the  .<4*11  state  of  CaF  is  a good  case  (a)  at  low  J,  the  state  becomes  inter- 
mediate between  case  (a)  and  (b)  as  J increases  and  pure  case  (a)  intensity  formulas 
(13)  are  no  longer  applicable.  The  intensities  for  an  intermediate  case  (a)-case  (b) 
molecule  can  be  readily  calculated  from  the  transformation  matrix  which  diagonalizes 
the  *II|,  *n»  energy  matrix  and  Mulliken’s  pure  case  (a)  formulas  {13).  For  a typical 
J *»  35.5,  the  results  of  the  calculation  show  (17)  that  the  relative  intensities  (denoted 
by  I{Pi/Qu),  etc.)  are  I{Pi/Qu)  «=  0.95  and  I{Q*/Pn)  = 4.1.  In  contrast,  pure  case 
(a)  formulas  predict  I(Pi/Qit)  “ 0.5  and  I(Qi/Pu)  = 2.0.  This  situation  means  that, 
at  J values  where  the  magnitude  of  the  splitting  is  resolvable,  the  P\  and  Qn  branches 
appear  with  approximately  equal  intensity  but  the  Pu  branch  is  masked  by  the  Qt  lines 
which  appear  about  four  times  as  intense.  Hence,  the  splitting  between  the  Pi  and  Qn 
branches  is  easily  observed  but  the  Pt i,  Qi  splitting  is  not  because  the  Pu  branch  is 
buried  among  stronger  lines. 
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20.  ABSTRACT  (Continue  on  reverse  side  If  necessary  and  identity  by  block  number) 

There  has  been  considerable  interest  in  efficient  chemiluminescent  reactions 
between  metal  atoms  and  suitable  oxidants  as  candidates  for  chemically  pumped 
laser  systems.  This  prompted  a detailed  study  of  the  nature  and  mechanism  of 
the  reaction  of  Barium  with  N20,  02  and  N02 . Experiments  were  carried  out  in 
which  single  vibrational  levels  v',  of  the  A singlet  sigma  state  were  pumped 
from  adjacent  ground  state  vibrational  levels  using  a tunable  cw  dye  laser.  By 
monitoring  the  photoluminescence  intensity  originating  from  a pumped  excited 
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20.  ABSTRACT  (Continued) 

state  level,  v1,  to  a third  ground  state  level  it  was  possible  to  measure  the 
relative  populations  of  the  two  adjacent  ground  state  vibrational  levels. 

Using  previously  available  data  and  our  results  suggest  that  a population 
inversion  may  exist  between  A singlet  sigma  (v'=l)  and  X singlet  sigma 
(v"=7).  A second  area  of  interest  was  the  details  of  the  mechanism  of  the 
Ba  + N20  reaction  which  leads  to  the  observed  high  A-X  chemiluminescence 
efficiency  and  why  such  a large  proportion  of  the  emitting  molecules  are  in  the 
A singlet  sigma  (v'=l)  state.  It  had  been  proposed  that  metastable  Ba0(a  trip- 
let pi)  which  cannot  emit  to  the  ground  state  serves  as  a reservoir  state  for 
the  reaction.  It  had  been  further  proposed  that  the  BaO(a  triplet  pi)  was 
initially  formed  via  the  reaction  of  Ba(triplet  D)  excited  state  atoms.  We 
carried  out  a series  of  experiments  in  which  total  A singlet  sigma  - X singlet 
sigma  chemiluminescent  yield  as  a function  of  Ba(triplet  D)  concentration  was 
monitored.  An  increase  of  Ba  (triplet  D)  concentration  by  a factor  of  ten  to 
a hundred  had  no  significant  effect  on  chemiluminescent  yield.  We  recently 
completed  our  laser  induced  fluorescence  study  of  MgO.  As  was  expected  a 
B singlet  sigma  - X singlet  sigma  P-R  doublet  is  seen,  but  in  addition  transi- 
tions to  a triplet  pio  and  a triplet  pij  are  also  observed.  Unallowed  B singlet 
sigma  - a triplet  pi  "extra"  lines  are  made  possible  by  specific  perturbations 
between  levels  of  the  X singlet  sigma  and  a triplet  pi  manifolds.  Analysis  of 
these  perturbations  using  some  sixty  lines  has  resulted  in  an  accurate  deter- 
mination of  the  molecular  constants  of  the  a triplet  pi  state.  We  have  carried 
out  an  extensive  program  on  the  spectroscopy  of  the  alkali  metal  halides.  It 
has  been  possible  to  use  tunable  lasers  to  completely  characterize  several 
electronic  states  of  several  alkaline  earth  monohalides.  Included  are  (1)  a 
study  of  the  B doublet  sigma  - X doublet  sigma  system  of  CaCl  using  tunable 
laser  excitation  spectroscopy;  (2)  an  accurate  determination  of  the  ground  stat 
constants  of  CaCl  using  laser-microwave  optical  double  resonance  and  (3)  a 
rotational  analysis  of  the  E doublet  sigma  — B doublet  sigma  system  of  CaCl 
using  optical-optical  double  resonance.  Similar  studies  on  SrF  and  CaF  have 
also  been  carried  out. 
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